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ABSTRACT
Pye,  Laure l  H i l a r i e ,  M.A.,  December,  1978 Botany
The Impact  o f  SO2 on Mycor rh iza l  P o p u l a t i o n s  o f  Agropyron  
s m i t h i i  Rydb. in  S o u t h e a s t e r n  Montana
D i r e c t o r :  Melvin L. Thornton y y ) . ^ , 3 .
The o c c u r r e n c e  o f  v e s i c u l a r - a r b u s c u l a r  endophytes  o f  
Agropyron s m i t h i i  Rydb. was examined in  a s o u t h e a s t e r n  
Montana g r a s s l a n d  exposed t o  SOg f u m ig a t i o n .  An a t t e m p t  
was made t o  a s s e s s  p o p u l a t i o n s  o f  t h e  endophyte  through  
v i s u a l  examina t i on  o f  r o o t s  and by absorbance  a n a l y s i s  
o f  r o o t s  u s ing  a sp ec t r o p h o t o m e t e r .  Mycor rh iza l  i n f e c t i o n  
l e v e l s  as  de te rmined  by v i su a l  i n s p e c t i o n ,  were i n v e r s e l y  
r e l a t e d  t o  t h e o r e t i c a l  SO2 dosage  in a f a l l  c o l l e c t i o n .  
Mycor rh iza l  l e v e l s  were n e g a t i v e l y  c o r r e l a t e d  wi th  
s u l f u r  c o n c e n t r a t i o n s  in l e a ves  o f  Agropyron s m i th i i  
Rydb. from t h e  same c o l l e c t i o n  p e r i o d .  Spec t ropho tome te r  
ab so rban ce  r e a d i n g s  were r e l a t e d  t o  mycor rh i za l  i n f e c t i o n  
a l t h o u g h  t hey  d id  no t  p rov ide  t h e  d e s i r e d  accu racy  f o r  
p r e d i c t i o n  o f  i n f e c t i o n  l e v e l s .  Var ious  a b n o r m a l i t i e s ,  
such as  s w o l l e n ,  i n t e r i o r  v e s i c l e s  and pa t chy-brown,  
d i s c o l o r e d  r o o t s  were noted on t h e  fumiga ted  p l o t s .  In 
c o n c l u s i o n ,  i t  was sugges t ed  t h a t  in  r e s po nse  t o  SO2 
f u m i g a t i o n ,  t h e  r o o t  sys tem o f  Agropyron s m i t h i i  Rydb. 
i s  undergo ing  m o d i f i c a t i o n  r e s u l t i n g  in  t h e  e x c l u s i o n  
o r  l e s s e n i n g  o f  t he  myco rrh i za l  h a b i t .
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Chap te r  I 
INTRODUCTION
No q u a n t i t a t i v e  a n a l y s i s  o f  v e s i c u l a r - a r b u s c u l a r  (VA) o r  
endomycor rh iza l  (EDM) p o p u l a t i o n s  w i t h in  n a t i v e  U. S. g r a s s l a n d s  has 
e v e r  been co nd uc t ed ,  nor  have t he  e f f e c t s  o f  SO2 f umiga t i on  on 
endomycor rh iza l  p o p u l a t i o n s  o f  Agropyron s m i th i i  eve r  been s t u d i e d .  
Reasons f o r  t h e  l a c k  o f  such i n v e s t i g a t i o n s  a r e  t h e  n e ce s s a r y  e x p e r t i s e  
r e q u i r e d  and t h e  t e d i o u s  methodology t h a t  must  be employed.  Such 
methodo log i es  have u n f o r t u n a t e l y  l agged f a r  behind t h e  impor t ance  t h a t  
i s  c u r r e n t l y  a t t r i b u t e d  t o  myco r rh i zae  (M) and t h e i r  a s s o c i a t e d  
symbionts  and h o s t s .
Endomycorrhizae a r e  u b i q u i t o u s  in  t h e i r  a s s o c i a t i o n  wi th  a n g io -  
sperms ,  t h e i r  a l l i a n c e s  i n c l u d i n g  members o f  t h e  l a r g e s t  and most  
e conomica l l y  im por t an t  c rop  s p e c i e s  be long ing  t o  t h e  Gramineae 
and Leguminosae,  Ad d i t i o n a l  phyla  known t o  be myco r rh i za l  a r e  
Bryophyta ( e s p e c i a l l y  H e p a t i c a e ) ,  P t e r i d o p h y t a  and Con i fe rophy t a  
(Ainswor th ,  1968) .  Ec tomyco rrh i zae  (ECM), d i f f e r e n t i a t e d  from EDM by 
t h e  f o r m e r ' s  f o r ma t ion  o f  "M a r t i g n e t s "  and t h e i r  f a i l u r e  t o  p e n e t r a t e  
h o s t s  i n t r a c e l l u l a r l y ,  a r e  found on most  woody angiosperms and 
gymnosperms such as  Pinus  spp.  and P icea  spp.  Endophytes o f  ECM 
t y p i c a l l y  be long t o  t h e  c l a s s  B a s i d io m y c e t e s , wh i l e  t hose  o f  t h e  EDM 
a r e  t h ough t  t o  belong t o  t he  c l a s s  Phycomyce tes , A r e c e n t  monograph 
(Gerdemann & Trappe ,  1973) d e s c r i b e s  t h e  taxonomy,  oc cu r r e n c e  and 
d i s t r i b u t i o n  o f  EDM endophytes  which ,  f o r  t h e  most  p a r t ,  be long t o  
t h e  f a m i ly  Endogonaceae,
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The mycor rh i za l  r e l a t i o n s h i p  i s  a dynamic symb io t i c  b i o ch e m i c a l - 
p h y s i o l o g i c a l  i n t e r a c t i o n .  Mycor rh izae  a r e  more o f t e n  p r e s e n t  on 
p l a n t s  t han  no t  ( B a y l i s ,  1974) ,  and t h e i r  a s s o c i a t i o n  w i th  h ig h e r  
p l a n t s  d a t e s  back t o  t h e  Devonian ( B a y l i s ,  1972a,  1974) .  Al though 
myco r rh i zae  a r e  u s u a l l y  c o n s i d e r e d  m u tu a l l y  b e n e f i c i a l  and s y m b i o t i c ,  
t h e  myco r rh i za l  r e l a t i o n s h i p  has a l s o  been l a b e l e d  " r e c i p r o c a l l y  
p a r a s i t i c "  (Hacskay lo ,  1972) and " p o t e n t i a l l y  pa thogen i c "  (Ha r l ey ,  
1959) .  While some have a rgued t h a t  myco r rh i za l  i n f e s t a t i o n  r e p r e s e n t s  
t h e  end p r o du c t  o f  s p e c i a l i z e d  p a r a s i t i s m  ( G a r r e t ,  1956) ,  o t h e r s  
r e j e c t  t h i s  i dea  and m a i n t a i n  t h a t  "such c o n d i t i o n s  need no t  only  a r i s e  
from a long p e r i od  o f  e v o l u t i o n  o r  t h a t  p a r a s i t e s  must  always evo lve  
from a v i r u l e n c e  t o  symbioses"  (Bawdin,  1957) .
Only i n  t h e  p a s t  two decades  has t h e  myco r rh i za l  c o n d i t i o n  t aken  
on r eco gn i zed  s i g n i f i c a n c e  and become a m a t t e r  o f  s e r i o u s  s c i e n t i f i c  
i n v e s t i g a t i o n .  This  i n c r e a s e d  concern  r e s u l t e d  from both t h e  u b i q u i t y  
o f  myco r rh i zae  in n a t u r a l  h a b i t a t s  and t he  d i s t u r b a n c e  o f  such h a b i t a t s  
t h rough man ' s  m an i p u l a t i o n  o f  t h e  env i ronmen t .  The purpose  o f  t h i s  
s t udy  was t o  de t e rmine  whether  t h e  c o l o r i m e t r i c  method o f  Becker and 
Gerdemann (1977) could  be used f o r  e s t i m a t i n g  mycor rh i za l  i n f e c t i o n  in 
t h e  f i e l d  and whether  mycor rh i za l  p o p u l a t i o n s  a r e  a f f e c t e d  by exposure  
t o  SO2 f u m ig a t i o n .
Chapter I I
LITERATURE REVIEW
Exper imenta l  C o n s i d e r a t i o n s
The a b i l i t y  o f  a i r  p o l l u t a n t s ,  such as  SO2 , t o  a l t e r  p l a n t  metab­
o l i s m  o r  d i s r u p t  t h e  symb i o t i c  s t a t e  as  e x h i b i t e d  by l i c h e n s  i s  well  
documented.  Whether SO2 s i m i l a r l y  d i s r u p t s  t h e  symb io t i c  mycor rh i za l  
s t a t e  i s  an im p or t a n t  and y e t  unanswered q u e s t i o n .  Before  one can 
c o n s i d e r  t h e  impact  SOg may have on m y co r r h i za e ,  one must  c o n s i d e r  t h os e  
f a c t o r s  which " n a t u r a l l y "  de t e rmi ne  i n f e c t i o n  l e v e l s .
As any b o t a n i s t  knows, phosphorous  i s  among t h e  most  common and 
im po r t an t  e lemen ts  in t h e  p l a n t ,  i t s  d i s t r i b u t i o n  being always roughly  
p a r a l l e l  t o  t h a t  o f  p r o t e i n .  Of equal  impor tance  i s  t he  h i g h l y  
r e a c t i v e ,  complex,  o r g a n i c ,  c a t i o n - b i n d i n g  compound p h y t a t e ,  o t h e r w i s e  
known as  p h y t i c  a c i d  o r  i n o s i t o l  hexaphospha te ,  I t  i s  i n  t h i s  form 
t h a t  phosphorous  i s  most  o f t e n  found both w i t h i n  p l a n t s  and t h e  o r ga n i c  
humus l a y e r  o f  s o i l  ( R u s s e l l ,  1973) .
Mycor rh izae  have evolved  as  an i n t e g r a l  p a r t  o f  a sys tem by which 
a p l a n t  s e c u r e s  s u f f i c i e n t  phosphorous ,  l a ck  o f  which most  o f t e n  l i m i t s  
p l a n t  growth ( B a y l i s ,  1972b) .  In a d e t a i l e d  r ev i ew o f  t h e  l i t e r a t u r e ,  
Mosse (1973) s t a t e d  " r e s u l t s  con f i rm  t h a t  myco r rh i za l  r o o t s  t a k e  up 
more phospha t e  t han  non -mycor rh i za l  r o o t s ,  t h a t  i t  i s  t r a n s l o c a t e d  t o  
t h e  h o s t s '  s hoo t s  . . . and t h a t  t h e  s t r i k i n g  e f f e c t s  of  i n o c u l a t i o n  
on p l a n t  growth and phospha te  up t ake  have been demons t r a t ed  beyond 
a d o u b t . "
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Exper iments  have shown t h a t  myco r rh i za l  r o o t s  a r e  c ap a b l e  o f  
a b so r b i n g  t h r e e  t o  s i x t e e n  t imes  as  much a v a i l a b l e  o rg an i c  phosphorous 
as  non-mycor rh i za l  r o o t s  (Sander s  & T i n k e r ,  1973) .  S i m i l a r  r e s u l t s  
have been r e p o r t e d  by Ba y l i s  ( 1967 ) ,  Ross ( 1971 ) ,  Gerdemann (1964,  1968) ,  
Gray and Gerdemann (1969,  1973) ,  Voig t  ( 1969) ,  Murdock e t  a l ,  ( 1967 ) ,  
Jackson  e t  a l ,  ( 1972 ) ,  Sanni  (1976a,  1976b) ,  and Sanders  e t  a l ,  (1977) .  
Because o f  t h e  e f f i c i e n c y  w i th  which t hey  t ak e  up phosphorous and 
a s s o c i a t e d  c a t i o n s ,  m yco r rh i zae  a l s o  s t i m u l a t e :  1 ) f l ow er  p r od uc t i o n
in  p e t u n i a ,  2) f o rm a t ion  o f  f r u i t  in s t r a w b e r r y ,  3) development  o f  
p o l l e n  in  mai ze ,  and 4) t h e  amount o f  v a s c u l a r  t i s s u e  in  a l l  t h e s e  
p l a n t s  (Daf t  and Okusanya,  1973) .
Mycor rh iza l  i n f e c t i o n  in  c o t t o n  has a l s o  been c o r r e l a t e d  wi th  
e a r l i e r  f l o w er in g  and bo l l  m a t u r a t i o n  (Rich and B i r d ,  1974) ,  wh i l e  
i n f e c t i o n  in tomato was r e p o r t e d  t o  s t i m u l a t e  ontogeny and de l ay  l e a f  
s enescence  (Da f t  & Ni col  son ,  1969) ,  Zinc d e f i c i e n c y  symptoms in peach 
and s t u n t e d  growth in c i t r u s  have been r e l a t e d  t o  i nade qua t e  n u t r i t i o n  
in non-myco r rh i za l  s o i l s  (Gi lmore ,  1971; Kle inschmid t  and Gerdemann, 
1972) ,  Mycor rh izae  have fu r t h e r m o r e  been found t o  s t r o n g l y  s t i m u l a t e  
both  growth and n o d u l a t i o n  o f  legumes and t h e  p e r s i s t e n c e  o f  a n a e r o b i c ,  
n i t r o g e n - f i x i n g  b a c t e r i a ,  such as  A zo to b a o te v  and C lo s t r id i im  (Ri chards  
and V o ig t ,  1964;  Daf t  and El -Giahmi ,  1974;  Crush ,  1974; Mosse,  1977) ,
The enhancement  o f  hormone l e v e l s  by myco r rh i zae  has been i m p l i c a t e d  as 
t h e  cause  o f  many such symptoms. The p r o du c t i o n  o f  growth-promot ing  
c y t o k i n i n s ,  such as  z e a t i n  and z e a t i n  r i b o s i d e ,  have been demons t ra ted  
i n  t h e  ca se  o f  t h e  ECM endophyte  Rhlzopogon v o se o lu s  (Cda, )  Th, F r . 
( M i l l e r ,  1967) ,
Seve ra l  e x pe r i m e n t e r s  have de mons t r a t ed  t h a t  c u r r e n t  f e r t i l i z a t i o n  
p r a c t i c e s ,  whereby s o i l  f e r t i l i t y  l e v e l s  a r e  g r e a t l y  augmented w i th  
s u p e r p h o s p h a t e s ,  have a d e p r e s s i n g  e f f e c t  on myco r rh i za l  l e v e l s  (Daf t  
& Nic o l s on ,  1966;  Ross ,  1971;  Khan, 1972;  Mosse,  1973) .  In t h e  ca se  o f  
soybeans ,  f o r  example ,  "phosphorous c o n c e n t r a t i o n  in f o l i a g e  o f  
myco r rh i za l  p l a n t s  a t  t h e  l owes t  f e r t i l i z a t i o n  l eve l  was found t o  be 
g r e a t e r  t han  t h a t  o f  non -myco r rh i za l  p l a n t s  a t  t h e  h i g h e s t  phospha t e  
l e v e l "  (Ross ,  1971) .  The e f f e c t  p robab ly  i s  a d i s r u p t i o n  o f  t h e  
symb io t i c  s t a t e  due t o  a change in  ho s t  p l a n t  metabol i sm r a t h e r  t han  a 
d i r e c t  i n h i b i t i o n  o f  f ungal  growth (Mosse,  1973) .
Nicolson  (1960) b e l i e v e s  t h a t  mycor rh i za l  i n f e c t i o n  l e v e l s  a r e  
i n f l u e n c e d  p r i m a r i l y  by t h e  deg ree  o f  s t a b i l i t y  o f  t h e  h a b i t a t  and 
t h e  amount o f  undecomposed o r g an i c  m a t t e r  p r e s e n t .  He found h igh l e v e l s  
o f  i n f e c t i o n  in p l a n t  communi t ies  t h a t  were s t a b i l e  bu t  d id  not  have 
h igh l e v e l s  o f  o r g a n i c  m a t t e r ;  l a r g e  amounts o f  o r g an i c  m a t t e r  can 
s t i m u l a t e  m ic ro b i a l  a c t i v i t y  which e v e n t u a l l y  may damage t h e  endophy t es .  
In a European g r a s s l a n d  s t u d y ,  no c o n s i s t e n t  change o f  i n f e c t i o n  
was found t o  occu r  w i th  change in s u b - s u r f a c e  geology o r  s o i l  pH, bu t  
h i g h e s t  i n f e c t i o n  l e v e l s  o c c u r r e d  in  t h e  s h a l l o w e s t  s o i l s  (Read,  e t  a t ,  y 
1976) ,  These f i n d i n g s  sugge s t ed  t o  t h e  a u th o r s  t h a t  n u t r i e n t  l e v e l s  
o r  w a t e r  s t r e s s  might  de t e rmine  l e v e l s  o f  i n f e c t i o n .  The same a u th o r s  
have a l s o  sug ges t ed  t h a t  h igh i n f e c t i o n  l e v e l s  i n d i c a t e  an i n t e n s e l y  
c o m p e t i t i v e  s i t u a t i o n  whereby t h e  n u t r i e n t  s t a t u s  o f  an envi ronment  
i s  d e p l e t e d  and t h e  r e s i s t a n c e  o f  t h e  ho s t  t o  i n f e c t i o n  i s  t hus  
r e du c ed .
Recent  exper imen ts  have r e v e a l e d  t h a t  mycor rh i za l  i n f e c t i o n  and 
r o o t  c o m p e t i t i o n  combine t o  produce  a r e s u l t  q u i t e  d i f f e r e n t  t han  t he  
e f f e c t  o f  each f a c t o r  s e p a r a t e l y .  T r i n i c k  (1977) found growth o f  red  
c l o v e r  s t i m u l a t e s  i n f e c t i o n  in  Lupinus aosent'in'C Gus,, HoZous Zanatus  L. 
was found t o  have on ly  a s l i g h t  advan tage  in y i e l d  ove r  Lolivan pevenne  L 
when s i n g l y  s u b j e c t e d  t o  r o o t  co m pe t i t i o n  o r  mycor rh i za l  i n f e c t i o n ,  
wh i l e  growth o f  t h e  two p l a n t s  in  comb ina t ion  r e s u l t e d  in  c o n s i d e r a b l e  
d e p r e s s i o n  o f  LoZ'tun pevenne  L. ( F i t t e r ,  1977) ,
Any d e t e r m i n a t i o n s  o f  i n f e c t i o n ,  however ,  must  be reviewed wi th  
c a u t i o n  because  c o n f l i c t i n g  r e s u l t s  have been r e p o r t e d .  M e j s t r i k  (1972) 
found t h a t  s o i l  f a c t o r s  which reduce  h o s t  growth,  such as s o i l  n u t r i e n t  
l e v e l s ,  a l s o  r educe  f r eque ncy  and i n t e n s i t y  o f  mycor rh i za l  development ;  
t h e r e f o r e ,  t h e  "weakened" s t a t e  o f  a h o s t  p l a n t  due t o  low n u t r i e n t  
l e v e l s  does no t  n e c e s s a r i l y  promote a h i g he r  l e v e l  o f  i n f e c t i o n  as  was 
sugge s t e d  e a r l i e r .  Soi l  f e r t i l i t y  l e v e l s  in Spain a l s o  had l i t t l e  
e f f e c t  on myco r rh i za l  p o p u l a t i o n s  (Hayman e t  a 7 . ,  1976) .  In a d d i t i o n ,  
one must  t a k e  i n t o  accoun t  e x p e r i m e n t e r s '  methodology in de t e rmin ing  
r o o t  i n f e c t i o n  l e v e l s .  Mosse (1973) r e p o r t e d  t h a t  spo re  numbers may o r  
may no t  be s i g n i f i c a n t l y  c o r r e l a t e d  w i th  r o o t  i n f e c t i o n .  Amounts o f  
e x t e r n a l  mycelium a l s o  cannot  always be c o r r e l a t e d  wi th  r o o t  i n f e c t i o n  
l e v e l s  (N i c o l s o n ,  1960) .  F i n a l l y ,  one canno t  l i b e r a l l y  i n t e r p r e t  t h e  
r e s u l t s  o f  any " a r t i f i c i a l "  g l a s s h o u s e  o r  p o t c u l t u r e  e xp e r i me n t ,  u n l e s s  
t h e  e c o l o g i c a l  o r  c o m p e t i t i v e  s t a t u s  o f  t h e  h o s t  i n  a p a r t i c u l a r  p l a n t  
community i s  a ccoun ted  f o r .
Eco l og i ca l  S t a t u s  o f  Agropyron sm-ithi'l Rydb.
Agropyron s m i t h i i  Rydb. I S  c o n s i d e r e d  t o  be an im po r t an t  member 
i f  no t  a dominant  g r a s s  a l ong  w i th  K o e le r ia  c r i s t a t a  (L . )  Pe r s .  and S t ip a  
comata  T r i n .  and Rupr.  in  t h e  c l imax  communi t ies  o f  t h e  s t udy a r e a  (Ross 
& Hun te r ,  1976) .  Such a r o l e  i s  pe rhaps  l e s s  wel l  se rved  t han  i t s  r o l e  
a s  a s e r a i  s p e c i e s  g iven  t h e  c o n d i t i o n s  o f  d rough t  and o ve rg r a z i n g  which 
t h i s  a r e a  has been s u b j e c t  t o  ove r  t h e  p a s t  c e n t u r y .  In a t en  y e a r  s tudy 
o f  a c l a y  Agropyron s m i t h i i - S t i p a  v i r i d u t a  T r in .  community a t  Cow
Creek ( l o c a t e d  about  6 m i l e s  SW o f  Fo r t  Howes),  Agropyron s m i t h i i  was 
r e p o r t e d  a s  t y p i c a l  and h i g h ly  adap t ed  t o  t h e  c l a y  loam and loam s o i l s  o f  
t h e  Thurlow s e r i e s  (Morr i s  & Lovegrove,  1975) .  In t h e  same s t u d y ,  
Agropyron s m i t h i i  was found t o  become more abundant  under  t he  i n f l u e n c e  
o f  g r a z i n g .  Other  a u t h o r s  have r e p o r t e d  Agropyron s m i t h i i  t o  be an 
" i n va de r "  o r  " i n c r e a s e r "  in p l a n t  communi t ies  s u b j e c t e d  t o  g r az i ng  p r e s ­
s u r e ,  where a s h i f t  i s  o f t e n  made towards  t h e  more x e r i c  community t ypes  
(Weaver,  1968; Coupland & Johnson ,  1965) .
Weaver (1942,  1968) d e s c r i b e s  A. s m i th i i  as one o f  t he  most  d rough t  
r e s i s t a n t  midwes tern  t a l l  g r a s s  p r a i r i e  s p e c i e s  due t o  i t s  d e s s i c a t i o n -  
r e s i s t a n t  r h izomatous  h a b i t ,  i t s  a b i l i t y  t o  l i e  dormant  t h rough  d r i e r  
months o f  t h e  summer, and t h e  p r o t e c t i v e  e n r o l l i n g  c a p a c i t y  o f  i t s  
l e a v e s .  A r e l a t i v e l y  low number o f  l a t e r a l  r o o t s  i s  an a d d i t i o n a l  s u r ­
v i v a l  f a c t o r  f o r  A, s m i t h i i  in  c l a y  s o i l s  (Coupland & Johnson ,  1965) .  
Al though a t  f i r s t ,  A. s m i t h i i  e x p e r i e n c e s  d i f f i c u l t y  in becoming 
e s t a b l i s h e d ,  on d r i e r  s i t e s  where i t  does become e s t a b l i s h e d  i t  r e t a i n s  
i t s  c o m p e t i t i v e  advan t age  in  t h e  a c q u i s i t i o n  o f  m o i s tu r e  by e x t e nd in g  i t s  
r o o t s  v e r t i c a l l y  from rh i zomatous  nodes i n t o  t h e  s u b s o i l  (Weaver,  1968) .
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Whether A. s m i th i i  has always p l ayed a dominant  r o l e  in  t h e  v e g e t a t i o n  
o f  s o u t h e a s t e r n  Montana i s  mos t ly  a m a t t e r  o f  s p e c u l a t i o n  in t h a t  no 
a c c u r a t e  r e c o r d s  o f  v e g e t a t i o n  p r i o r  t o  t h e  d r o u g h t ,  g r az in g  impacts  
and f i r e  su p p r e s s io n  o f  t h e  1900 ' s  e x i s t .  Whether t h e  c o m p e t i t i v e  
s t a t u s  o r  n a t u r a l  s t r e s s - r e s i s t a n t  c a p a c i t i e s  o f  A, s m i t h i i  a r e  a l t e r e d  
when t h e  p l a n t s  a r e  s u b j e c t  t o  low fumig a t i on  l e v e l s  (up t o  .1 ppm) i s  
an im por t an t  q u e s t i o n .
S u l f u r ,  SOg and Symbionts
Most paper s  pu b l i s he d  on s u l f u r  and i t s  e f f e c t  on fungi  d e s c r i b e  
s u l f u r  as  a f u n g i c i d e ,  a f a c t  r e co r ded  by e a r l y  c l a s s i c a l  w r i t e r s  
(Ainswor th ,  1965) .  Al though s u l f u r ,  in  t he  form o f  e lemen ta l  s u l f u r  
o r  l ime s u l f u r  ( ca lc ium p o l y s u l f i d e  and ca l c ium t h i o s u l f a t e )  i s  f a t a l  
t o  numerous fungal  s p e c i e s ,  p a r t i c u l a r l y  powdery mi ldews,  i t  i s  f a t a l  
t o  on ly  a l i m i t e d  r ange  o f  t h e  h i g h e r  p l a n t s  (Ma r t i n ,  1959; Ainswor th ,  
1965) .
Exper iments  have been conduct ed  in which s u l f u r  was s u pp l i ed  as 
magnesium s u l f a t e ,  d i l u t e  H2S^^0^ o r  t o  p o t t e d  and i n o c u l a t e d
h o s t  p l a n t s .  R e s u l t s  i n d i c a t e d  t h e  f o l l o w in g :  1) in t h e  ca se  o f  red
c l o v e r  ( T r ifo l iu m  p r a te n s e  L . ) and maize (Zea mays L . ) ,  myco r rh i za l  
r o o t s  t a k e  up s u l f u r  more e f f i c i e n t l y  t han  non -myco rrh i za l  r o o t s  (Gray 
& Gerdemann,  1973 ) ,  and 2) in t h e  ca se  o f  Pinus r a d ia ta  D, Don ECM,
" t h e  bu lk  o f  s u l f u r  d e s t i n e d  f o r  t h e  shoo t  o f  t h e  h o s t  I s  no t  metabo­
l i z e d  by t h e  fungus bu t  has a more d i r e c t  pathway through  t h e  mycelium 
from ambient  s o l u t i o n  t o  h o s t  r o o t s ,  whereupon i t  i s  t r a n s p o r t e d  t o  
h o s t  sh oo t s  and t hen  p r o g r e s s i v e l y  accumula t ed  by shoo t  a p i c e s  from
o l d e r  l e a v e s "  (Biddulph e t  a Z . ,  1958;  Morr i son ,  1962) .  Heagle (1973) 
no t ed  a s t udy  by Sobotka (1964) in which t h e  impact  o f  SO^ on mycor­
r h i z a e  was examined under  f i e l d  c o n d i t i o n s .  He found t h e  ECM a s s o c i ­
a t e d  w i th  sp ru ce  t o  be abnormal in  an SOg p o l l u t e d  a r e a .
V a r i a b l e  r e sp on se s  t o  SO2 have been r eco rded  in s e v e r a l  pa th o ­
gen i c  fungi  (Hibben,  1966;  Couey, 1965) ,  I t  i s  t h ou gh t  t h a t  p o l l u t ­
a n t s  such as  SO2 a r e  c ausa l  a ge n t s  encou rag ing  t h e  spr ead  o f  fungal  
d i s e a s e  i n  f o r e s t  and c rops  (Grywacz,  1971;  Heagle ,  1973;  Treshow,
1968,  1975) .  I f  a i r  p o l l u t a n t s  cou ld  b r i ng  abou t  any o f  t h e  f o l l ow ing  
c o n d i t i o n s :  1 ) change in e x t e r n a l - i n t e r n a l  h o s t  b i o c h e m i s t r y ,  2 )
a l t e r a t i o n  in  q u a l i t y  o r  q u a n t i t y  o f  ho s t  o r  fungal  e x u d a t e s ,  o r  
3) c e l l u l a r  o r  o r g a n e l l e  s t r u c t u r a l  v a r i a t i o n ,  t hen  be hav io r  m o d i f i ­
c a t i o n ,  e . g . ,  ho s t  r e c o g n i t i o n  o f  pa thogens  o r  symbion t s ,  i s  l i k e l y  
t o  o c c u r .
Many exper imen ts  have demons t r a ted  t h e  d i s r u p t i v e  impact  t h a t  SOg 
can have on ho s t  p l a n t  met abol i sm.  The redox p r o p e r t i e s  o f  s u l p h i t e ,  
i t s  d i s s o c i a t i o n  p r od u c t s  and t h e i r  d i r e c t  r e a c t i o n  w i th  s e n s i t i v e  
molecu l e s  a r e  t h ough t  t o  be l a r g e l y  r e s p o n s i b l e  f o r  damage t o  t he  
p l a n t  (Garsed & Read,  1977) .  When SO2 c o n c e n t r a t i o n s  su rp a s s  an i n d i ­
v idua l  p l a n t ' s  b iochemica l  t h r e s h o l d  l e v e l ,  g enera l  d i s r u p t i o n s  o f  
p h o t o s y n t h e t i c ,  r e s p i r a t o r y  and o t h e r  fundamenta l  c e l l u l a r  p r oc e s se s  
o c cu r  (Malhor ta  & Hocking,  1976) .  I n t e r v e i n a l  c h l o r o s i s  and consequent  
b l e a c h i n g  a r e  t h e  most  common a c u t e  i n j u r y  symptoms (Mudd, 1975) .  
Chronic  i n j u r y  i s  ev idenced  by t h e  l ong - t e rm  gradua l  demise o f  SO2 
s e n s i t i v e  s p e c i e s .
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Repor ts  conce rn ing  such c h ro n i c  i n j u r i e s  o r  t h e  impact  o f  l o n g ­
term low dosage SOg a r e  o f t e n  c o n f l i c t i n g  i n  t h a t  r e s i s t a n c e  i s  
g e n e t i c a l l y  f i x e d  and h i g h l y  v a r i a b l e  both  w i t h i n  one p a r t i c u l a r  p l a n t  
s p e c i e s  o r  among d i f f e r e n t  p l a n t  s p e c i e s .  Greenhouse s t u d i e s  conducted  
by Tingey e t  a l ,  (1976) su g g e s t  t h a t  /I. s m i t h i i  i s  somewhat more 
s e n s i t i v e  t han  K o e le v ia  c r i s t a t a  (L . )  Pe r s ,  and S t ip a  comata  T r i n .  Rupr 
t o  high l e v e l s  (1 t o  1 . 5  ppm) o f  SO2 f u m ig a t i o n .  In a d d i t i o n ,  
Antonovics  and Bradshaw (1970) d e s c r i b e d  d i f f e r e n t i a l  r e sp ons e s  t o  
s u l f u r  by d i f f e r e n t  c l o n e s  o f  t h e  same s p e c i e s  wh i l e  Cocking (1973) 
remarked on v a r i e t a l  d i f f e r e n c e s  in s e n s i t i v i t y  t o  SOg and t h e  o c c u r ­
r en ce  o f  p l a s t i c i t y  w i t h i n  n a t u r a l  p o p u l a t i o n s .
Z i e g l e r  (1975) r e p o r t s  on s e v e r a l  s t u d i e s  which i n d i c a t e  t h a t  
long term weak fu m ig a t i o ns  o f  a l f a l f a  a c t u a l l y  l e ad  t o  an i n c r e a s e  in 
y i e l d  (Thomas e t  a l ,  y 1943) .  He a t t r i b u t e s  t h i s  phenomenon t o  t he  
p l a n t s '  enhanced a s s i m i l a t o r y  power,  F a l l e r  (1970,  1971) a l s o  r e p o r t s  
on t h e  p o s s i b l e  s t i m u l a t i o n  o f  aboveground growth by low l e v e l s  o f  
SO2 under  c o n d i t i o n s  o f  adequ a t e  s u l f u r  n u t r i t i o n .  On t he  o t h e r  hand.  
Bel l  and Clough (1973) and B l ea sd a l e  (1973) r e p o r t  a n o t i c e a b l e  r e d u c ­
t i o n  o f  up t o  46% in dry  we igh t  y i e l d  o f  r y e g r a s s  [Lolivm perenne  L . ) 
exposed t o  12 pphm c o n c e n t r a t i o n  o f  SO2 f o r  n ine  weeks,
A p l a n t ' s  n u t r i e n t  s t a t u s  i s  one o f  t h e  many f a c t o r s  r e s p o n s i b l e  
f o r  i n d i v i d u a l  s e n s i t i v i t y  t o  SO2 . I n c r e a s ed  l e v e l s  o f  Ca"*" and K* 
have been found t o  d e c r e a s e  damage by SO2 , wh i l e  i n c r e a s e d  phospha t e  
l e v e l s  i n c r e a s e  t h e  damage (Mudd, 1975) ,  A good supp ly  o f  n i t r o g e n  may 
a c t  by i n c r e a s i n g  a p l a n t ' s  c a p a c i t y  f o r  m an u fa c t u r i n g  s u l f u r  c o n t a i n ­
ing p r o t e i n s  ( Z i e g l e r ,  1975) .  Where s u l f a t e  in t h e  growing medium i s
n
i n ad e q ua t e  t o  meet  a p l a n t ' s  normal n u t r i t i o n a l  r e q u i r e m e n t s ,  SOg 
can a c t  as  a s u l f u r  so u r c e .
Even though s u l f u r  i s  an e s s e n t i a l  e lement  t o  p l a n t s ,  consequences  
o f  augment ing normal s u l f u r  l e v e l s  i n  t h e  envi ronment  a r e  s t i l l  no t  
c o m p le t e ly  unde r s tood  o r  p r e d i c t a b l e .  Aulakh and P a s r i c h a  (1977) 
r e p o r t  t h a t  an a n t a g o n i s t i c  e f f e c t  occur s  between s u l f u r  and 
phosphorous .  Appl ied  s u l f u r  f e r t i l i z e r s  can have a d e p r e s s in g  e f f e c t  
on t h e  a v a i l a b i l i t y  and up t ake  o f  phosphorous  by d i f f e r e n t  c rops  wh i l e  
t h e  supe rp ho sph a t e  f e r t i l i z e r s  can r educe  t h e  e f f e c t i v e n e s s  o f  s u l f u r  
f e r t i l i z e r s  o r  a g g r a v a t e  s u l f u r  d e f i c i e n c y  problems.  The a u th o r s  
su g g e s t  t h a t  t h i s  a n t a g o n i s t i c  e f f e c t  i s  due t o  t h e  co m pe t i t i o n  o f  
s u l p h a t e  and phospha te  i ons  on r o o t  a b s o r p t i o n  s i t e s  o r  f o r  t h e  same 
up t ake  pathways.  Somewhat c o n t r a r y  r e s u l t s  have been r e p o r t e d  in  a 
g r eenhouse  po t  s t udy  by Ryan e t  a t ,  (1975) .  A p p l i c a t i o n  o f  concen­
t r a t e d  s u l f u r i c  a c i d  t o  s e v e r a l  r ange  g r a s s e s  o f  t h e  Southwes t ern  
U.S.  was found t o  s t i m u l a t e  growth.  The a u th o r s  su gg es t  t h a t  t h i s  
r e s p on se  was l a r g e l y  due t o  i n c r e a s e d  i r o n  and phosphorous s o l u b i l i t y  
in  t h e  c a l c a r e o u s  s o i l s  and f u r t h e r m o r e  recommend H2SO4 as  a s u i t a b l e  
a l t e r n a t i v e  t o  i r o n  and phosphorous f e r t i l i z e r s .  Such r e p o r t s  a r e  o f  
i n t e r e s t  w i th  r e s p e c t  t o  t h e  n e g a t i v e  impact  supe rphospha t e  f e r t i l i z e r s  
have on m y c o r r h i z a e ,  and t h e  impor tance  a t t r i b u t e d  t o  myco r rh i zae  in 
r e g a r d s  t o  phospha te  a ccumula t i on  and enhanced n u t r i e n t  up t ake  due 
t o  t h e i r  s o l u b i l i z i n g  e f f e c t  on t h e  r h i z o s p h e r e .
SO2 has o f t e n  been r e p o r t e d  t o  have a d i s r u p t i v e  impact  on enzyme 
sys tems  w i t h i n  p l a n t s .  Only r e c e n t l y  have enzyme sys tems in  EDM been 
i n v e s t i g a t e d  and demons t r a ted  t o  i n c l u d e  t h o se  o f  g l y c o l y s i s ,  t h e
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t r i c a r b o x y l i c  a c i d  c y c l e  and t h e  hexose monophosphate sh un t .  S p e c i f i c  
enzymes i d e n t i f i e d  i n c l u d e  a c i d  p ho sp h a t a s e ,  s e v e r a l  dehydrogenase  
enzymes ( i . e . ,  g l u t a m a t e  dehydrogenase ,  s u c c i n a t e  dehydrogenase ,  and 
g l y c e r a l d e h y d e - 3 - p h o s p h a t e  dehydrogenase)  and NADA and NADPH d i a p h o r e se s  
(MacDonald & Lewis ,  1978) .  Repor ts  i n d i c a t e  t h a t  SO2 i s  c ap ab l e  o f  
b r i n g in g  ab ou t :  1 ) con fo rm a t ion a l  changes  in  g lu t a ma t e  dehydrogenase
o r  o t h e r w i s e  d e c r e a s i n g  t h e  number o f  r e l a t e d  isoenzymes p r e s e n t ,  and 
2 ) forming u n d i s s o c i a b l e  complexes w i th  dehydrogenases  t h e r e b y  i n h i b ­
i t i n g  t h e  hydrogen t r a n s f e r  sys tem (Malhor ta  & Hocking,  1976) ,  These 
a u t h o r s  a l s o  no t e  t h e  c a p a c i t y  o f  SOg to  i n h i b i t  a c t i v i t y  o f  p l a n t  
enzymes such as  d i a s t a s e ,  p e ro x i d a se  and c a t a l a s e .  Such enzymes a r e  
o f  c o n s i d e r a b l e  impor t ance  in t h e  phe no l - q u i none and c a t e c h l o x i d a s e -  
dehydrogenase  ho s t  d e f e n se  sys tems a g a i n s t  f unga l  pa thogens  and i n s e c t  
p r e d a t o r s  (Rubin & A r t s i k h o v s k a y a , 1963;  M i l e s ,  1968) .
I f  a q u a l i t a t i v e  o r  q u a n t i t a t i v e  a l t e r a t i o n  in enzyme a c t i v i t y  o r  
useage  o f  a p a r t i c u l a r  enzymat ic  pathway were t o  oc cu r  as a r e s u l t  o f  
exposu re  t o  SO2 , t hen  t h e  n a t u r e  o f  p l a n t  r o o t  e x u d a t e s ,  in  a d d i t i o n ,  
would most  l i k e l y  undergo m o d i f i c a t i o n .  Such exuda t e s  can have a 
b e n e f i c i a l  and s t i m u l a t o r y  o r  a n t a g o n i s t i c  e f f e c t  on myco r rh i zae  and 
accompanying m i c r o f l o r a  o f  t h e  r h i z o s p h e r e .  "In i n i t i a l  s t a g e s  o f  
i n f e c t i o n ,  myco r rh i zae  r e q u i r e  s t i m u l a t i o n  o f  exu da t i on  from t h e  hos t  
f o r  d e t e r m i n a t i o n  o f  d i r e c t i o n  o f  hyphal  g rowth,  p roduc t i on  o f  a p p r e s -  
s o r i a  and p e n e t r a t i o n  o f  ho s t  t i s s u e s "  ( Ha r l e y ,  from Ainswor th ,  1968,  
p.  170) .  Root e x uda t i o n  occu r s  p r edominan t l y  from t h e  r o o t  t i p ;  
exuded s u b s t a n c e s  i n c l u d e  amino a c i d s ,  s imple  s u g a r s ,  g l y c o s i d e s ,  
o r g a n i c  a c i d s ,  v i t a m i n s ,  enzymes,  a l k a l o i d s ,  n u c l e o t i d e s  and i n o r g a n i c
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i ons  (Sch ro th  & Hi l deb rand ,  1964) .  To e l u c i d a t e  t h e  impact  o f  SO2 
on r o o t  exuda t e s  under  n a t u r a l  c o n d i t i o n s  would be ex t r eme ly  d i f f i c u l t  
i n  t h a t  both  t hey  and enzyme a c t i v i t y  in  gene ra l  a r e  s i g n i f i c a n t l y  
i n f l u e n c e d  by pH, l i g h t ,  t e m p e r a t u r e ,  a n a e r o b i o s i s , s o i l  m o i s t u r e ,  
age o f  p l a n t  and c o n d i t i o n s  o f  t h e  expe r imen t .
The impact  which SO^ might  have on c e l l u l a r  o r  o r g a n e l l e  
s t r u c t u r e  i n  t h e  h o s t - - i n  p a r t i c u l a r ,  t h e  r o o t  e n d o d e rm i s - - i s  pe rhaps  
o f  a more genera l  n a t u r e  and wor thy o f  s p e c i a l  c o n s i d e r a t i o n .  Such a 
t i s s u e  i s  no tewor thy  because :  1) EDM a r e  i n c a p a b l e  o f  p e n e t r a t i n g  
t h i s  t i s s u e ,  and 2 ) t h i s  t i s s u e  a c t s  as  an e f f e c t i v e  b a r r i e r  p r e v e n t ­
ing t h e  l a t e r a l  d i f f u s i o n  o f  i ons  and p r ov ide s  a major  r e s i s t a n c e  t o  
r a d i a l  movement o f  i ons  i n t o  t h e  s t e l e  (Singh & Jacobosn ,  1977) .  At 
c r i t i c a l  l e v e l s ,  SO2 can d i s r u p t  fundamental  c e l l u l a r  p r oc e s s e s  such 
a s  o x i d a t i v e  metabol i sm which a r e  t hough t  t o  r e g u l a t e  t he  s e l e c t i v e  
p e r m e a b i l i t y  o f  membranes such as t h e  endodermis (Malhor ta  & Hocking,  
1976) .
The r e l a t i o n s h i p  between a mycor rh i za l  fungus and t h e  endodermis 
a s  an e f f e c t i v e  b a r r i e r  has on ly  been i n v e s t i g a t e d  in  t he  ca se  o f  
E u ca lyp tu s  f a s t i g a t a  Deane and Maiden,  and i t s  ECM endophyte  (Ling-  
Lee e t  at*  ̂ 1977a,  1977b) .  The a u t h o r s  not ed  how e u c a ly p t s  possess  a 
s t r u c t u r a l l y  d i f f e r e n t i a t e d  o u t e r  c o r t i c a l  l a y e r  which bea r s  a resem­
b l an c e  t o  t h e  endodermis  in  t h a t  both become s u b e r i z e d  and accumula t e  
s i m i l a r  v a c u o l a r  c o n t e n t s .  The a u t h o r s  d e s c r i b e  t h e  r e sponse  to  
i n v a s i o n  by t h e  fungal  endophyte  as  f o l l o w s :  1 ) a b u i l d - u p  o f  phe no l i c
m a t e r i a l s  in  epidermal  c e l l  vacuo l e s  due t o  po lymer ic  immob i l i z a t i on  
o f  phenol s  normal ly  d e s t i n e d  f o r  e xu da t i on  a s  p a r t  o f  an a n t i f u n g a l
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de fe n se  s c r ee n  o c c u r s ,  and 2 ) a c i d  p o l y s a c c h a r i d e s  in  o u t e r  c o r t i c a l  
c e l l  vacuo l e s  p r e c i p i t a t e  t o g e t h e r  wi th  phenols  around t h e  p e r i p h e r y  
o f  t h o s e  c e l l s .  These f a c t o r s  t hus  app ea r  t o  be r e s p o n s i b l e  f o r  t he  
con f inemen t  o f  t h e  fungus in t h e  o u t e r  c o r t i c a l  l a y e r  in a s i m i l a r  
manner t h a t  EDM would be exc luded  by t h e  endodermis .
I t  i s  commonly t ho ug h t  t h a t  t h e  more s u c c e s s f u l  pa thogens ,  t h os e  
c ap a b l e  o f  p e n e t r a t i n g  t h e  endodermis and u t i l i z i n g  t h os e  n u t r i e n t s  
found in  t h e  phloem, a r e  a l s o  t h o se  which a r e  c apa b l e  o f  n e u t r a l i z i n g  
t h e  t o x i c i t y  o f  f ungi  t o x i c  s ub s t a nc es  such as a l k a l o i d s ,  phe no l i c  
compounds and v a r i o u s  coumarin d e r i v a t i v e s  (Mi l e s ,  1968) ,  Whether 
s t r e s s  in t h e  form o f  SOg can i nduce  l e akage  o f  such compounds o r  
o t h e r w i s e  d i s r u p t  normal f u n c t i o n i n g  o f  t h e  endodermis has y e t  t o  be 
i n v e s t i g a t e d .
Both ECM and EDM a r e  t h ough t  t o  p l ay  a c o n s i d e r a b l e  r o l e  in 
d i s e a s e  d e t e r r e n c e  (Zak,  1964;  Ha r ley ,  1959;  Marx, 1972;  S l a n k i s ,  1974) 
P o s s i b l e  r e s i s t a n c e  f a c t o r s  a r e  phys i ca l  b a r r i e r s  c r e a t e d  by t he  
p r e se nc e  o f  m y co r rh i za e ,  exud a t e s  produced in  c o n j u n c t i o n  w i th  t he  
symb io t i c  r e l a t i o n s h i p ,  o r  mere ly  t h e  h e a l t h i e r  s t a t e  impar ted  by t h e  
r e l a t i o n s h i p .  A r e c e n t  s t u d y  o f  t h e  Cot ton S t u n t  Di sease  Complex 
showed t h a t  damage t o  c o t t o n  by ph y topa thogen i c  nematodes i s  magn i f ied  
when t h e  symb i o t i c  myco r rh i za l  s t a t e  i s  impa i red  (Rich & B i r d ,  1974;  
B i r d ,  Rich and G love r ,  1974) .  The means and e x t e n t  t o  which mycor­
r h i z a e  s e r v e  i n  such a d i s e a s e  p r o t e c t i o n  c a p a c i t y  a r e  no t  y e t  c l e a r .
Gross morphologi ca l  changes  induced in  t h e  r o o t  sys tem,  such as 
ECM-induced d i f f e r e n t i a t i o n  i n t o  s h o r t  i n f e c t e d  and long r o o t s  i n  
Pinus  s p p . ,  a r e  no t  obvious  in g r a s s  r o o t s .  Ba y l i s  (1972a ,  1974) has
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d i s c u s s e d  t h e  p o s s i b l e  a d a p t i v e  s t r a t e g i e s  o f  v a r i o u s  r o o t  sys tems in 
r e l a t i o n  t o  EDM i n f e c t i o n .  He concluded  t h a t  f a t t e r  r o o t s  w i th  a 
p e r s i s t e n t  o r  r enewable  c o r t e x  a r e  much more dependent  on mycor rh i zae  
t han  t h o s e  w i th  h i g h ly  r e t i c u l a t e ,  p r o t e o i d  o r  h a i r y  r o o t s  o r  t hos e  
wi th  e x c e p t i o n a l l y  abundant  and long r o o t  h a i r s .
I f  a p l a n t  c annot  m a i n t a i n  t he  mycor rh i za l  r e l a t i o n s h i p  o r  no 
l o n g e r  needs t h e  i n c r e a s e d  a b s o r p t i v e  c a p a c i t i e s  f o r  wa t e r  and mine ra l s  
which myco r rh i zae  p r o v i d e ,  t hen  e n v i r o n m e n t a l - p h y s i o l o g i c a l  changes 
must  t a k e  p l ac e  t o  o f f s e t  t h e  l o s s  o f  t h e  endophyte .  Such changes 
in t h e  r o o t  sys tem o f  a p l a n t  might  a l t e r  t he  su c c e s s io n a l  s t a t u s  
o f  a p a r t i c u l a r  s p e c i e s  w i t h i n  a p l a n t  community.
The very  low SO2 dosages  needed t o  d i s r u p t  t h e  symbiot ic  s t a t e ,  
as  e x h i b i t e d  by l i c h e n s ,  and t h e  known s e n s i t i v i t y  o f  many fungi  t o  
s u l f u r  l e a d s  one t o  s u s p e c t  t h a t  t h e  sym b io t i c  mycor rh i za l  s t a t e  could  
a l s o  be d i s r u p t e d  by low SO2 do sages .  Conve r se ly ,  r e p o r t s  t h a t  SO2 
can a l s o  s t i m u l a t e  p h o t o s y n t h e s i s  and p l a n t  y i e l d  a l s o  l ead  one t o  
s u s p e c t  t h a t  low SO^ dosages  might  have an i n v i g o r a t i n g  e f f e c t  on 
mycor rh i za l  p o p u l a t i o n s .  E i t h e r  o f  t h e s e  c o n d i t i o n s  would be l i k e l y  
t o  a f f e c t  t h e  c o m p e t i t i v e  a b i l i t i e s  o f  t h e  h os t  p l a n t .
Morphology o f  t h e  Fungal Endophyte
The fungal  endophyte  which forms VA myco r rh i zae  has been i d e n t i ­
f i e d  in  most  c a se s  as one o r  a n o th e r  s p e c i e s  be long ing  t o  t he  f am i ly  
Endogenaceae (Mosse,  1973) .  Al l  phases  o f  t h e i r  growth a r e  q u i t e  
un ique  and d i s t i n c t  in t h e i r  appea rance  from o t h e r  fungal  i n f e c t i o n s  
t h a t  might  oc cu r  w i t h i n  a g r a s s  r o o t .  I t  i s  a d v i s a b l e  in any c a s e  t o
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examine specimens under  both a b i n o c u l a r  and l i g h t  microscope  t o  no t e  
t he  c o n t i n u i t y  which should occu r  between e x t e r n a l  and i n t e r n a l  phases  
because  p r o f u s e  c o nn ec t i o n s  o f  t h i s  s o r t  a r e  no t  r e a d i l y  formed by 
t h o se  few s p e c i e s ,  such as  IPythiwn spp.  which a r e  known to  form VA 
ty pe  i n f e c t i o n s  in  r a r e  i n s t a n c e s  (Ainswor th ,  1968) .
I t  i s  p o s s i b l e  t o  d i s c e r n  t h e  p r e s enc e  o f  myco r rh i zae  on g r a s s  
r o o t s  when consp i cuous  sandy encasements  a r e  formed.  Such encasements  
o f t e n  g ive  r o o t s  a t y p i c a l  y e l l o w i s h  brown f e l t y  appea rance .  Nicolson 
(1959) and Ha r ley  (1959) p ub l i s hed  d e t a i l e d  d e s c r i p t i o n s  o f  t h e  g r a s s  
endophy te ;  t h e s e  d e s c r i p t i o n s  a r e  summarized in t h e  fo l l o w in g  accoun t .
E x t e r i o r  hyphae a r e  o f  two t y p e s .  The f i r s t  t ype  i s  t h i c k - w a l l e d  
w i th  a d i a m e t e r  o f  20-27p ,  a s e p t a t e ,  m u l t i n u c l e a t e  and f i l l e d  wi th  
dense  cy top l asm and consp i cuous  o i l  g l o b u l e s .  Such hyphae o f t e n  run 
f o r  a c o n s i d e r a b l e  d i s t a n c e  a long  a r o o t ' s  l e n g t h  b r anching  a t  t imes  
t o  b e a r  e x t e r i o r  v e s i c l e s  o r  t o  pass  i n t o  t h e  s o i l  o r  ho s t  r o o t  h a i r s .  
Branching from t h e  l a t t e r  hyphae a r e  t h i n - w a l l e d  hyphae w i th  a d i am e t e r  
o f  3-5y.  These hyphae a r e  c on s i d e r e d  t o  be ephemeral  because  a f t e r  a 
p e r i od  o f  a c t i v e  growth t hey  become s e p t a t e  o r  s h r i v e l e d  and a r e  
e a s i l y  l o s t  from t h e  main hyphae.  Severa l  a u th o r s  have a t t r i b u t e d  t h i s  
" r e sponse"  o f  t h e  t h i n - w a l l e d  hyphae t o  be "an i n h e r e n t  c a p a b i l i t y  
e l i c i t e d  when t h e  hyphae a r e  m ec h an i ca l l y  wounded o r  exposed t o  o t h e r  
t y pe s  o f  d e l e t e r i o u s  o r  d e g e n e r a t i v e  p r o c e s s e s "  (Gerdemann, 1955;
Kinden & Brown, 1975) .
Morley and Mosse (1976) d e s c r i b e d  t h e  appea rance  o f  abnormal 
hyphae.  Such hyphae a r e  c h a r a c t e r i z e d  by " a b o r t i v e "  e n t r y  p o i n t s ,  
masses  o f  i r r e g u l a r ,  v e s i c l e - l i k e  s w e l l i n g s  around f u n c t i o n a l  e n t r y
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p o i n t s  and s h o r t ,  d i s t o r t e d  swo l l en  o r  f i n g e r - l i k e  hyphae a r i s i n g  
a t  t h e  e n t r y  p o i n t  from e x c e p t i o n a l l y  l a r g e ,  i r r e g u l a r l y  shaped hyphae.
Development o f  t he  endophyte  i s  most  p ro fu se  in  t h e  i n n e r  c o r t i c a l  
a r e a .  Al though one a u t h o r  obse rved  what  he t hough t  t o  be mycor rh i zae  
in  t h e  endodermis  and p e r i c y c l e  (Sh t e r enb e rg  & Kostyak,  1967) ,  most  
workers  a g r e e  t h a t  myco r rh i zae  a r e  never  found in  t h e  endodermis ,  
p e r i c y c l e  and enc lo sed  v a s c u l a r  t i s s u e ,  nor  in  t he  m e r i s t i m a t i c  r eg ion  
o f  a c t i v e l y  growing r o o t  t i p s .
Kinden and Brown (1975) sugges t ed  t h a t  t h e  a c t u a l  p e n e t r a t i o n  o f  
a ho s t  c e l l  wal l  by t h e  endophyte  i s  more t han  a s t r i c t l y  "mechanica l"  
p r oce s s  and t h a t  i t  may wel l  i nv o lv e  some t ype  o f  enzyme d e g ra d a t i o n  
because  c o r t i c a l  c e l l s  a r e  n e i t h e r  r u p t u r e d  nor  damaged by t h e  
en d o p h y t e ' s  p r e s e n c e .  T he i r  e l e c t r o n  microscopy s t u d i e s  showed t h a t  a 
ho s t  c o n s i s t e n t l y  r esponds  t o  t h e  i nvading  endophyte  by d e p o s i t i n g  
wal l  m a t e r i a l  which does n o t  reduce  t h e  a c t i v i t y  o f  t h e  endophy te ,  bu t  
c o n f i n e s  o r  l o c a l i z e s  i t .
P e n e t r a t i o n  hyphae begin  t o  d i s i n t e g r a t e  w i th  t h e  fo rma t ion  o f  
a r b u s c u l e s  in i n n e r  c o r t i c a l  c e l l s ,  Arbuscul es  a r e  a h i g h ly  branched 
t e rmina l  s t r u c t u r e  and a r e  c o n s i d e r e d  t o  be a complex haus to r i um (Cox 
& Sand e r s ,  1974) .  When p r e s e n t ,  a r b u s c u l e s  appea r  as a dense  g r a n u l a r  
mass in  t h e  lumen o f  a c o r t i c a l  c e l l .  Arbuscul e  f o rma t ion  i s  u s u a l l y  
g r e a t e s t  when t he  ho s t  i s  s t i l l  in  a v e g e t a t i v e  s t a t e  ( S a i f ,  1977) .  
Arbuscu l e s  a r e  no t  a permanent  s t r u c t u r e  and i n v a r i a b l y  undergo d i s i n ­
t e g r a t i o n  o r  " d i g e s t i o n "  by t h e  h o s t .  An i n c r e a s e  in h o s t  cy to p l a sm ic  
volume and numbers o f  m i toc ho nd r i a  and r ibosomes  have been shown to  
o c cu r  c o n j u n c t i v e l y  wi th  t h e  d e t e r i o r a t i o n  p r o c e s s  (Kinden & Brown,
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1975) ,  The a u t h o r s  sugge s t e d  t h a t  t h i s  p r oce s s  r e l e a s e s  s u b s t a n t i a l  
q u a n t i t i e s  o f  mineral  n u t r i e n t s  which a r e  absorbed  by t h e  h o s t .  Cox 
& T in ke r  ( 1976 ) ,  however ,  t h i n k  t h i s  i s  u n l i k e l y  and t h a t  n u t r i e n t  
r e l e a s e  t o  t h e  hos t  i s  a ccompl i shed  by t r a n s f e r  a c r o s s  l i v i n g  f u n g a l - 
ho s t  membranes.
V e s i c l e  f o rm a t ion  t a k e s  p l ac e  a f t e r  a rb u s c u l e s  a p p e a r ,  bu t  be fo r e  
t h e i r  d i s i n t e g r a t i o n .  Both i n t e r n a l  and e x t e r n a l  v e s i c l e s  can occu r ;  
t h ey  a r e  c o n s i d e r e d  t o  be ana logous  ( B u t l e r ,  1939) ,  a l t h ou gh  t h i s  i s  
no t  unequ ivocab ly  acc ep t ed  (Mosse,  1973) ,  Ex te rnal  v e s i c l e s  a r e  borne 
e i t h e r  t e r m i n a l l y  o r  t hey  may be i n t e r c a l a r y  on hyphae and e x h i b i t  
g r e a t  v a r i a t i o n  in  s i z e  and shape .  V e s i c l e  w a l l s  a r e  tw o - l ay e re d  
and t h e  smooth,  t h i c k  i n n e r  wal l  i s  sur rounded  by a t h i n ,  rough 
o u t e r  w a l l .  Al though h i g h l y  v a c u o l a t e  when t h ey  f i r s t  a p p e a r ,  v e s i c l e s  
become i n c r e a s i n g l y  dense  and l aden  w i th  o i l  g l o b u l e s  as  t h ey  age .
V e s i c l e s  a r e  t h o u g h t  t o  f u n c t i o n  as  both  food s t o r a g e  organs  and 
i n f e c t i o u s  chlamydospores  ( B u t l e r ,  1939; N ic o l son ,  1959) ,  A r e c e n t  
u l t r a - s t r u c t u r a l  s t udy  s u g g e s t s  t h a t  t h ey  f u n c t i o n  in  e i t h e r  c a p a c i t y  
(Kinden & Brown, 1975) .  Such v e s i c l e s  a r e  t h e  only  t ype  o f  sp o r e  known 
f o r  myco r rh i zae  in  g r a s s  r o o t s  (Gerdemann & Trappe ,  1973;  N ico l son ,  
1959) .  Ex t e rna l  v e s i c l e s  w i th  a t t a c h e d  hyphae may appea r  s i n g l y  o r  
in  a g g r e g a t e s .
Al though t h e  l i t e r a t u r e  does no t  ment ion  a t  what  s t a g e  in  t h e  
h o s t ' s  development  e x t e r n a l  v e s i c l e s  a r e  formed,  i n t e r n a l  v e s i c l e s  a r e  
known t o  i n c r e a s e  i n  number wi th  t h e  o n s e t  o f  f l ow er i ng  o r  f r u i t i n g  
( S a i f ,  1974) .  Formation o f  i n t e r i o r  v e s i c l e s  i s  c o n s i d e r e d  t o  be a 
" c o n s t a n t "  o r  mature  s t a t e  o f  endophyte  development  because  t h e
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numbers o f  p e n e t r a t i o n  hyphae become g r e a t l y  reduced wi th  t h e i r  a p p e a r ­
ance .  In g r a s s e s ,  i n t e r i o r  v e s i c l e s  can be r e l e a s e d  i n t o  t h e  s o i l  as 
spo re s  a f t e r  r o o t s  become s e n e s c e n t  and t h e  c o r t e x  i s  s loughed o f f .
In some c a s e s ,  t h e  fo r ma t ion  o f  i n t e r i o r  v e s i c l e s  i s  so p r o f u s e  t h a t  
t h e  r o o t  becomes d i s r u p t e d  (Gerdemann & Trappe ,  1973) .  Whether such 
d i s r u p t i o n s  a r e  normal i s  q u e s t i o n a b l e .  Of a d d i t i o n a l  i n t e r e s t  i s  t he  
f i n d i n g  t h a t  v e s i c l e s  a l one  were produced on low p r o d u c t i v i t y  s o i l s  
s u p p o r t i n g  c o t t o n ,  wh i l e  v e s i c l e ,  a r b u s c u l e  and spo re  p ro du c t i on  a l l  
t ook  p l a c e  on s i m i l a r  high p r o d u c t i v i t y  s o i l s  (Bi rd  e t  a Z . ,  1974) .
Chap te r  I I I  
MATERIALS AND METHODS
The ZAPS Study 
I n t r o d u c t i o n
The ZAPS (Zonal A i r  P o l l u t i o n  S i t e s )  s t udy  i s  t he  only s t udy  o f  
i t s  kind e v e r  de s igned  and conduct ed  in t h e  U.S.  t o  a s c e r t a i n  and 
q u a n t i f y  t h e  p o t e n t i a l  impact  o f  c o a l - f i r e d  power p l a n t  emi s s ions  on a 
t o t a l  ( g r a s s l a n d )  e cosys t em.  The ZAPS a r e  l o c a t e d  on an e x c l o s u r e  
abou t  86 k i l o m e te r s  (54 m i l e s )  SE o f  Ashland in  t h e  F t ,  Howes D i s t r i c t ,  
C u s t e r  Na t iona l  F o r e s t  i n  an a r e a  t h a t  i s  no t  only  c o ns id e r e d  t o  be 
an " e s s e n t i a l l y  p r i s t i n e  ecosys tem" bu t  a r i c h  r ange l and  r e s o u r c e .  The 
ZAPS l i e  w i t h i n  a c o o l - s e a s o n  s h o r t - g r a s s  ecosys tem which a long  wi th  
Pinus ponderosa  Dougl . and Rhus t r d lo b a ta  Nut t ,  communi t ies  r e p r e s e n t  
t h e  two major  ecosys tems  in  t h e  Col s t r i p  a r e a  o f  s o u t h e a s t e r n  Montana.
The ZAPS s t ud y  i s  a l o ng - t e r m  r e s e a r c h  p r o j e c t  being conducted  by 
personne l  from t h e  Environmental  S t u d i e s  Labora to ry  a t  t he  U n i v e r s i t y  
o f  Montana,  t h e  Na tura l  Resources  Ecology Labo ra to ry  a t  Colorado S t a t e  
U n i v e r s i t y ,  t he  Envi ronmenta l  Research Labo ra to ry  a t  C o r v a l l i s ,  Oregon,  
and Montana S t a t e  U n i v e r s i t y ,  The EVST Labo ra to ry  a t  t h e  U n i v e r s i t y  
o f  Montana i s  c u r r e n t l y  i nvo lved  wi th  a n a l y z i n g  t h e  impact  o f  c o n t i n u ­
ous fum iga t i o n  o f  SO2 a t  0 ,  2 ,  5 ,  and 10 pphm du r ing  t h e  growing season 
on e a r l y  s e n e s c e n c e ,  v i a b l e  seed p r o d u c t i o n  and s u l f u r  a ccumula t i on  in 
r o o t s ,  s tems and l e a v e s  o f  t h e  b u nc hg r a s s ,  K o e le r ia  c r d s t a t a  (L . )  Pe rs .  
and t h e  rh i zomatous  Agropyron s m i t h i i  Rydb. Add i t i on a l  s p e c i e s ,  such
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as  St'ipa v ir id u Z a  T r i n . ,  A rtem esia  f v i g i d a  W i l l d . ,  Tvagopogon dubius  
S c o p . ,  and A r i s t i d a  l o n g i s e ta  Steud ,  have a l s o  been c o l l e c t e d  f o r  
s u l f u r  a n a l y s e s .  During t he  1977 growing season s t u d i e s  on l i t t e r  
fungi  and myco r rh i zae  were i n i t i a t e d .  Repor ts  on a l l  i n v e s t i g a t i o n s  
conduct ed  on t h e  ZAPS a r e  pu b l i sh ed  a n n u a l l y  in t h e  EPA I n t e r im  Repor t  
S e r i e s  e n t i t l e d  The. B'ioenv'lronmentaZ Impact o f  a CoaZ-Flved Power 
Plant»
C o l l e c t i o n  Methods
SO2 f um ig a t i o n s  were i n i t i a t e d  on t h e  ZAPS I du r ing  t h e  1975 
growing season and on t h e  ZAPS I I  dur ing  t h e  1976 growing s eason ,  ZAPS 
I and ZAPS I I  each c o n s i s t  o f  f o u r  t r e a t m e n t  p l o t s .  A, B, C, and D, 
which a r e  fumiga ted  a t  0 ,  2 ,  5,  and 10 pphm SOg r e s p e c t i v e l y .  During 
each c o l l e c t i o n  p e r i o d ,  t en  s u b p l o t s  a r e  sampled on each t r e a t m e n t  
p l o t .  Subp lo t s  a r e  d e s i g n a t e d  by p ipe  j u n c t i o n s ;  each j u n c t i o n  i s  
f u r t h e r  d i v id ed  i n t o  f o u r  qu ad ran t s  (F igu re  1 . )  (Rice e t  al»  ̂ 1978) .  
Subp lo t s  t o  be sampled a t  each c o l l e c t i o n  p e r i o d  a r e  chosen by a random 
p ro ced u r e .  On each s u b p l o t  a l i n e  o f  f i x e d  l e n g t h ,  randomly de te rmined  
a t  each c o l l e c t i o n  p e r i o d ,  i s  run a t  a 45 degree  ang l e  from t h e  s e l e c t ­
ed p ipe  j u n c t i o n  i n t o  one o f  f o u r  q u a d r a n t s ;  i . e . ,  NW, NE, SW, SE. A 
c e n t r a l  sampl ing p o i n t  i s  marked o f f  a t  t h e  end o f  t h e  l i n e .  Appro p r i ­
a t e  s p e c i e s  were c o l l e c t e d  as  c l o s e  t o  t h i s  p o i n t  as p o s s i b l e .
Samples were no t  c o l l e c t e d  w i t h i n  one me t e r  o f  t h e  p ipe  as  "burn 
a r e a s "  f r e q u e n t l y  oc cu r r ed  a t  t h i s  d i s t a n c e .  Subp lo t s  on t h e  p e r i m e t e r  
o f  t h e  t r e a t m e n t  p l o t  were no t  sampled due t o  lower  s u l f u r  l e v e l s  found 
in  t h e  p l a n t s  when compared t o  samples  from i n t e r i o r  s u b p l o t s .
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Fig u re  1. Subp lo t  j u n c t i o n  numbers and sampl ing  g r i d  
p o s i t i o n s .  (R i ce  e t  a l . ^  1978)
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M a te r i a l  was c o l l e c t e d  from a t  l e a s t  t h r e e  s e p a r a t e  p l a n t s  a t  each 
s u b p l o t .  Sampling was done a t  two week i n t e r v a l s  f o r  t h e  v e g e t a t i v e  
p o r t i o n  o f  p l a n t s ,  wh i l e  t h r e e  c o l l e c t i o n s ,  in Jun e ,  J u l y  and Septem­
be r  were made f o r  t h e  r o o t s .
In 1976 i t  was e s t a b l i s h e d  t h a t  t h e  A p l o t s  r e c e i v e  some degree  
o f  SO2 f um iga t i on  and t hus  an a d d i t i o n a l  c o n t r o l  p l o t  was needed.
The OPC (Off  P l o t  Co n t ro l )  was e s t a b l i s h e d  in t h e  summer o f  1977 in an 
e x c l o s u r e  from g r az i n g  app rox im a te ly  2 m i l e s  NE o f  ZAPS I .
The Mycor rh iza l  Study
In t h e  s p r i n g  o f  1977,  a paper  e n t i t l e d  "C o l o r im e t r i c  q u a n t i f i ­
c a t i o n  o f  v e s i c u l a r - a r b u s c u l a r  myco r rh i za l  i n f e c t i o n  in  o n i o n , "  by 
Becker and Gerdemann, was p u b l i s h e d .  The a r t i c l e  p r e s e n t e d  an a b b r e v i ­
a t e d  method f o r  q u a n t i f y i n g  EDM by u s ing  a sp e c t r o p h o t o m e t e r  t o  measure 
t h e  ye l l o w  c o l o r a t i o n  impar ted  t o  i n f e c t e d  onion r o o t s .  Uninf ec ted  
onion r o o t s  a r e  t y p i c a l l y  w h i t e .  The e x a c t  n a t u r e  o f  t h e  ye l l ow  p i g ­
ment ,  o t h e r  than  i t s  t endency  t o  b reak  down wi th  exposure  t o  l i g h t  
remains  unknown. Spec t ropho tome te r  absorbance  r ea d in gs  o f  t h e  pigment ,  
e x t r a c t e d  from t h e  r o o t s  w i th  ho t  w a t e r ,  a t  400 nm were found t o  be 
h i g h ly  c o r r e l a t e d  w i th  p e r c en t a g e  o f  ye l l o w  r o o t s  by we igh t .  P e r c e n t ­
age o f  y e l l o w  r o o t s  by we igh t  a l s o  c o r r e l a t e d  wel l  wi th  l e n g t h ,  o r  
s i m i l a r l y ,  p e r c e n t a g e  o f  i n f e c t e d  r o o t s .  Thus,  Becker and Gerdemann 
sugge s t e d  t h a t  t h e  e x t r a c t i o n  method could  be s u b s t i t u t e d  f o r  d e t e r m i ­
n a t i o n  o f  p e r c e n t  i n f e c t i o n  by c l e a r i n g  and s t a i n i n g .
My i n v e s t i g a t i o n  i n c luded  an a t t e m p t  t o  de t e rmine  whether  such a 
pigment  occu r s  in i n f e c t e d  r o o t s  o f  A, s m i t h i i  and whether  Becker  and
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Gerdemann’s method could  be employed on v e g e t a t i o n  from the  ZAPS. In 
t h e  f i e l d ,  r o o t s  o f  A, s m i th i i  were no t  n o t i c e a b l y  y e l l o w ,  e s p e c i a l l y  
when compared t o  t h o se  o f  K o e le r ia  c r i s t a t a  a l t hough  some appeared  t o  
be much more wh i t e  o r  brown than  o t h e r s .  Al though K, c r i s t a t a  r o o t s  
were found t o  be m y c o r r h i z a l ,  A. s m i t h i i  r o o t s  were used f o r  t h i s  i n ­
v e s t i g a t i o n  because  a l a r g e r  p e r c en t a g e  o f  t h i s  s p e c i e s ’ young a c t i v e  
r o o t s  were t h ough t  t o  be n e a r  t h e  s o i l  s u r f a c e  due t o  i t s  rh i zomatous  
h a b i t .
C o l l e c t i o n s  o f  whole p l a n t s  from t h e  ZAPS were made t w i c e ,  in 
t h e  p r e s enc e  o f  t h e  p r i n c i p a l  i n v e s t i g a t o r ,  du r ing  t h e  summer o f  1977. 
To a s s u r e  an adequa te  sample s i z e ,  a t  l e a s t  0 .5g  f r e s h  we igh t  o f  A, 
s m i t h i i  r o o t s  were c o l l e c t e d  from each o f  t h e  90 ZAPS and OPC s u b - p l o t s  
Each o f  t h e s e  r o o t  samples came from p l a n t s  whose l e a ves  and remain ing  
r o o t s  were l a t e r  ana lyzed  f o r  t o t a l  s u l f u r  c o n t e n t .  In t h e  l a b ,  r o o t s  
were washed t o  remove s o i l ,  d e b r i s ,  f o r e i g n  and n o t i c e a b l y  dead o r  
decaying  r o o t s .  Roots were b l o t t e d  dry  and weighed i n t o  .5g samples 
immedia te ly  a f t e r  washing .  Samples were then  p roce s sed  in an a u to c l a v e  
a t  121°C f o r  30 minu t e s  t o  o b t a i n  a hot  wa t e r  e x t r a c t .
A f t e r  absorbance  r e a d i n g s  o f  r o o t  samples  were comple t ed ,  r o o t  
i n f e c t i o n  was once aga in  a s s e s s e d  by a m o d i f i c a t i o n  o f  Newman's p o i n t  
i n t e r s e c t i o n  method as  done by S p a r l i n g  and T ink e r  (1975) and t o  some 
e x t e n t  by Nicolson  (1960) ,  Such a method c o n s i s t s  o f  p l ac in g  t h e  same 
,5g r o o t  sample ,  now c l e a r e d  by KOH and s t a i n e d  wi th  t r ypan  b lue  in 
l a c t o p h e n o l ,  in  a p e t r i  d i sh  a t  t en  randomly chosen f i e l d s  o f  v i s i o n  
under  a b i n o c u l a r  scope .  At each f i e l d  o f  v i s i o n  under  21X magn i f ­
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i c a t i o n  (15X x 2X x .7X) ,  t h e  r a t i o  o f  myco r rh i za l  t o  non-mycor rh i za l  
r o o t s  i n t e r s e c t e d  by a r o t a t e d  o c u l a r  g r a t i c u l e  i s  then  de te rmined .
Data o b t a i n e d  from t h e  d e t e r m i n a t i o n  o f  p e r c en t a g e  o f  r o o t s  
i n f e c t e d  e x h i b i t e d  a c o n s i d e r a b l e  amount o f  v a r i a t i o n  w i t h i n  i n d i v i d u ­
a l  ZAPS p l o t s .  In most  c a s e s ,  a ssumpt ions  o f  a n a l y s i s  o f  v a r i a n c e  
cou ld  not  be met ,  and n on -p a r a m e t r i c  methods were u t i l i z e d  i n s t e a d .  
Whether a d i f f e r e n c e  in  i n f e c t i o n  l e v e l s  e x i s t e d  between t he  p l o t s  
was de te rmined  by t h e  Kruska l l -Wal1 i s  t e s t .  F u r t h e r  p a i r w i s e  compar i ­
sons between each o f  t h e  t r e a t m e n t  p l o t s  were made wi th  t he  Wilcoxon 
two-sample  t e s t .
Chap te r  IV 
RESULTS
The ZAPS Study
Sharon Eversman (1978) from Montana S t a t e  U n i v e r s i t y  demons t ra ted  
t h e  s i g n i f i c a n t  impact  t h a t  SO2 has on two n a t i v e  l i c h e n  s p e c i e s  on 
t h e  ZAPS. Both a s i g n i f i c a n t  i n c r e a s e  in  p e r c en t a g e  o f  p lasmolyzed 
a l g a l  c e l l s  o f  t h e  l i c h e n s  Usnea h i r t a  and Farmel'ia ohtovoohvoa  and a 
s i g n i f i c a n t  d e c r e a s e  in t h e i r  r e s p i r a t i o n  r a t e s  were found on t h e  high 
dosage  SOg p l o t s .  A d e c r e a s e  in i n t e g r i t y  o f  t he  l i c h e n  t h a l l u s  was 
a l s o  a s s o c i a t e d  w i th  an i n c r e a s e  in  SO2 dosage ,
McFarlane e t  a l .  (1978) from th e  EPA o f f i c e  in Reno, Nevada,  ana ­
l yzed  s o i l s  from th e  ZAPS f o r  hydrogen o x i d a t i o n  p o t e n t i a l  us ing  
Alcal'Lgenes paradoxus.  Although no s i g n i f i c a n t  de c r e a se  in m ic roo rga ­
nism a c t i v i t y  was no t ed  on t h e  ZAPS I ,  a c t i v i t y  on t he  h i g h e s t  (D) SO2 
p l o t  was found t o  be s i g n i f i c a n t l y  lower  t han  a l l  o t h e r  p l o t s  on ZAPS I I , 
Dodd e t  als ( 1978) ,  from Colorado S t a t e  U n i v e r s i t y ,  found t h a t  
wh i l e  n e t  p r imary  p r o d u c t i v i t y  o f  Agvopyvon s m i t h i i  was no t  s i g n i f i ­
c a n t l y  r edu ced ,  p r ema tu re  l e a f  senescence  and i n c r e a s ed  growth r a t e s  
were not ed  on t h e  ZAPS. I nc r e a s ed  s u l f u r  accumula t i on  r a t e s  in 
Agropyron s m i t h i i  were a s s o c i a t e d  w i th  i n c r e a s e d  SO2 dosage .  Al though 
h i g h e r  l e v e l s  o f  a shes  from i n c i n e r a t i n g  t h e  p l a n t  were a s s o c i a t e d  
w i th  h i gh e r  c o n c e n t r a t i o n s  o f  s u l f u r  in Agropyron sm ith i i^  t h e  
a u t h o r s  sugge s t e d  t h a t  such i n c r e a s e s  in  ash c o n c e n t r a t i o n  were po­
t e n t i a l l y  a t t r i b u t a b l e  t o  i n c r e a s e d  s u l f a t e  s a l t  c o n c e n t r a t i o n  r a t h e r
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t h an  be ing  a t t r i b u t a b l e  t o  i n c r e a s e d  f u m ig a t i o n .  No s i g n i f i c a n t  d i f f e r ­
ences  a c r o s s  t h e  p l o t s  could  be d e t e c t e d  in  c rude  p r o t e i n  c o n c e n t r a ­
t i o n s ,  f i b e r  c o n t e n t  o f  p l a n t  t i s s u e s  o r  d ry  m a t t e r  d i g e s t i o n .
D i sc r e p a n c i e s  have been no ted  in v a r i o u s  s o i l  an a l y se s  conducted 
on t h e  ZAPS. Dodd e t  a l ,  (1978) c l a s s i f i e d  t h e  s o i l s  o f  ZAPS I as 
Fa r l and  s i l t y  c l a y  loams and t h o se  o f  ZAPS I I  as  Thurlow c l a y  loam. 
McFarlane e t  a l ,  (1978) c l a s s i f i e d  s o i l s  o f  t h e  ZAPS I as loams and
th os e  o f  ZAPS I I  as c l a y s ,  loams and s i l t s .  Res u l t s  o f  t h e  EVST s o i l
a n a l y s e s  a r e  most  in  a ccord  w i th  t h o s e  o f  McFarlane e t  a l ,  (1978) .  
R e su l t s  o f  t h e s e  t h r e e  i ndependen t  s o i l  a n a l y s e s  a r e  seen in F igure  2.
F u r t h e r  phy s i ca l  and e x t e n s i v e  chemical  a n a l y s e s  on s o i l s  o f  t he
ZAPS were conducted  by Dodd e t  a l ,  ( 1978) .
Personnel  from t h e  EVST Lab have not ed  s ev e ra l  im por t an t  t r e n d s  on 
t h e  ZAPS. An i n - d e p t h  i n v e s t i g a t i o n  o f  t h e  SO2 d e l i v e r y  sys tem i t s e l f  
r e v e a l e d  t h a t  " t h e r e  a r e  s i g n i f i c a n t  v a r i a t i o n s  in t h e  SO2 l e v e l s  
d e l i v e r e d  on t h e  t r e a t m e n t  p l o t s  which must  be t aken  i n t o  account  when 
a t t e m p t i n g  t o  a s s e s s  t h e  b i o l o g i c a l  r e sponse  o f  v e g e t a t i o n  on t he  
v a r i o u s  t r e a t m e n t  p l o t s "  (Rice  e t  a l ,   ̂ 1978) (F igu re  3 ) .  Al though 
p e r i m e t e r  p i p e l i n e s  were no t  sampled in  1977,  s i g n i f i c a n t  s ub p l o t  
v a r i a b i l i t y  remained w i t h i n  t h e  t r e a t m e n t  p l o t s .  Appa ren t l y  h i gh e r  SOg 
dosages  were r e c e i v e d  a t  c e n t r a l  s u b p l o t s ,  such as 9NW and 14SW, wh i l e  
ends o f  t h e  p i pe s  and lower  c o r n e r  s u b p l o t s ,  such a s  lONW, r e c e i v e d  
lower  do sages .
Per sonne l  from both  Colorado S t a t e  U n i v e r s i t y  and t h e  EVST Lab 
found c o n c e n t r a t i o n s  o f  s u l f u r  t o  i n c r e a s e  in l i v e  l e a ves  o f  A, s m i t h i i  
w i t h  i n c r e a s i n g  SO2 do sages .  The EVST Lab not ed  t h a t  s u l f u r  l e v e l s  in
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Figure  2. Soi l  Analyses
S = Sand 
Si = S i l t  
C = Clay 
L = Loam
(McFarlane et aZ., 1978)
ZAPS I ZAPS I I
A B C D A B C D
5AND(%) 4 7 . 0  4 9 . 9 4 5 . 5 4 1 . 9 2 9 . 8 3 2 . 6  2 4 . 2 2 4 . 7
SILT(%) 3 7 . 7  3 6 . 7 3 7 . 3 4 1 . 8 3 8 . 0 4 0 . 4  4 9 . 6 5 2 . 9
CLAY(%) 1 5 . 3  1 3 . 4 1 7 . 2 1 6 . 3 3 2 . 0 2 7 . 0  2 8 . 2 2 2 . 4
TEXTURE L L L L CL L/CL L/Si Si
( R i ce  and P y e ,  1 9 7 8 ,  u n p u b l i s h e d )
ZAPS I
A B C D OPC
SAND(%) 4 6 . 7  5 6 . 2 4 7 . 8 3 8 . 4 4 7 . 2
SJLT(%) 31 .1  2 8 . 6 3 1 . 2 3 9 . 6 3 0 . 2
CLAY(%) 2 2 . 2  1 5 . 2 2 1 . 0 2 2 . 0 2 2 . 6
TEXTURE L S i / L L L L
(Dodd e t  <3Z. ,1978)
ZAPS I SAND SILT CLAY TEXTURE
(%) (%) (%)
West  P i t  ( 0 - 1 5cm)
(be tween  ZIA & ZIB) 61 22 17 SL
Middle  P i t  ( 0 -9cm)
(be tween  ZIB & ZIC) 4 1 ( 4 3 ) 2 2 ( 2 9 ) 2 7 ( 2 8 ) CL
N or th w e s t  P i t
( 0 -2 cm/ 2 -2 4cm )
(NW edg e  o f  ZIA) 5 2 /3 8 2 9 / 3 2 1 9 / 3 0 SL/CL
ZAPS I I
P i t  West  o f  C o n t r o l
( 0 - 2 c m / 2 - l 2 c m ) 3 4 / 3 2 4 1 / 3 4 2 5 / 3 4 L/CL
C o n t ro l -L ow  P i t
( 0 - 3 c m / 3 - l 3 c m ) 3 6 / 3 2 3 9 / 3 4 25 / 3 4 L/CL
Low-Medium P i t
( 0 - 2 c m / 2 - l 1 c m ) 2 9 / 2 5 3 5 / 3 3 36 / 4 2 CL/C
Medium-High P i t
( 0 - 3 c m / 3 - l 1 c m ) 2 8 / 2 7 4 0 / 3 2 32/41 CL/C
P i t  E a s t  o f  High
( 0 - 3 c m / 3 - l l c m ) 2 4 / 2 4 4 0 / 4 0 3 6 / 3 6 CL
29
F i g u r e  3.  ZAPS SOp M o n i t o r i n g  p o i n t s ,  r e l a t i v e  SO2 l e v e l s ,  and
v e r t i c a l  d i s t r i b u t i o n  o f  o r g a n i s m s .  ( R i c e  e t  a l .   ̂ 1978)
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l i v e  l e a v es  g e n e r a l l y  i n c r e a s e d  u n t i l  m id - J u ly  and t hen  began t o  
d e c l i n e  w i t h  t h e  c e s s a t i o n  o f  growth,  exce p t  on C and D p l o t s  o f  ZAPS 
I and I I ,  where s u l f u r  l e v e l s  co n t i n u ed  t o  r i s e  o r  remained a p p r o x i ­
mate ly  t h e  same (F i gu r e s  4 t h r u  7 ;  Tabl es  1 & 2 ) .  High s u l f u r  l e v e l s  
a r e  aga i n  found in t he  f a l l  i f  a g r een -up  occur s  s i m i l a r  t o  t h a t  o f  
t he  sp r i n g  g r een -u p .  Levels  o f  s u l f u r  in l i v e  A, s m i th i i  l e a ve s  from 
1977 were o f t e n  h i g h e r  on ZAPS I I  than  t h e  co r r e sp on d in g  t r e a t m e n t  
p l o t s  on ZAPS I ,  even though ZAPS I has been fumiga ted  f o r  an e x t r a  
growing s ea s on .  This  t r e n d  on ly  oc cu r r ed  through  m i d - J u l y ,  t h e  d i f ­
f e r e n c e  becoming u n d e t e c t a b l e  l a t e r  in  t h e  s ea s on .  Unl ike  K o e le r ia  
c r i s ta ta ^  A rtem esia  f r ig id a ^  A r i s t i d a  lo n g i s e ta  and S tvpa  v ir id u la ^  
t h e  dead l e a v e s  o f  A, s m i t h i i  o f t e n  c on t a in ed  more s u l f u r  than  l i v e  
l e a v es  on t h e  t r e a t m e n t  p l o t s .
Leve ls  o f  s u l f u r  in t he  r o o t s  o f  A, s m i t h i i  a r e  g e n e r a l l y  l e s s  
t han  t h e  co r r e sp on d in g  l e v e l s  in  l i v e  and dead l e a v e s .  In t he  1977 
c o l l e c t i o n  p e r i o d ,  r o o t  s u l f u r  l e v e l s  t ended  t o  r i s e  wi th  i n c r e a s i n g  
SOg dosage  (F igu re  7; Table  2 ) .  Impor tant  e xc e p t i o ns  t o  t h i s  t r e n d  
were :  1) a r e l a t i v e  d e p r e s s i o n  o f  r o o t  s u l f u r  l e v e l s  on ZIC and ZID
p l o t s  in  m i d - J u l y ,  and 2) t h e  r e l a t i v e l y  high l e v e l s  o f  s u l f u r  found 
in  Z2B r o o t s .  A l so ,  s u l f u r  l e v e l s  in  r o o t s  g e n e r a l l y  dec r ea sed  
as  t h e  season  p r og re s sed  e xce p t  on:  1) ZIC and ZID where l e v e l s  in 
t h e  September  c o l l e c t i o n  (#29) were h i g h e r  t han  t h e  mid - J u ly  c o l l e c ­
t i o n  ( #26 ) ,  and 2) Z2B, where s u l f u r  l e v e l s  s t a yed  about  t h e  same f o r  
both  c o l l e c t i o n s .  The s m a l l e s t  change in both  r o o t  and l i v e  l e a f  
s u l f u r  l e v e l s  were seen on t h e  OPC. In s p i t e  o f  t h e  high deg ree  o f
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F i g u r e  4.  Average  1977 s u l f u r  l e v e l s  i n  l i v e  A gro pyron  sm'ith'i'i 
f rom ZAPS I .  ( R i c e  e t  a l . ^  1978)
F i g u r e  5.  Average  1977 s u l f u r  l e v e l s  i n  l i v e  A g ro p yro n  s m i . th i t  
f rom ZAPS I I .  (R i c e  e t  a Z . ,  1978)
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T a b l e  1.  PPM S u l f u r  i n  l i v e  l e a v e s  o f  AgropyY*on -  means
and 95% c o n f i d e n c e  i n t e r v a l s  (Log-jo)*
( R ic e  e t  a l .   ̂1977 )
C o l le c t io n # 2 1 C o l lec t io n #26 C o l le c t io n  #29
Late April Mid-July Mid-Sept.
PLOTS X L l L2 X Ll h X 4 4
OPC 1210 1087 1330 1155 966 1343 970 683 1257
ZIA 1472 1258 1685 1217 1065 1368 1100 883 1317
ZIB 1645 1437 1852 1450 1347 1552 1410 1197 1623
ZIC 1606 1409 1802 2040 1796 2284 2250 2049 2451
ZID 1915 1706 2124 2855 2608 3102 3495 3259 3731
Z2A 1485 1314 1656 1042 982 1094 915 812 1018
Z2B 1593 1409 1776 1455 1297 1612 1305 1178 1432
Z2C 1615 1430 1799 2182 1985 2379 2265 1929 2601
Z2D 2094 1844 2343 3407 3064 3750 3355 2767 3943
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T ab le  2.
PPM S u l f u r  i n  r o o t s ,  r h i zomes  and crowns o f  A gropyron s m i t h i i  
means and 95% c o n f i d e n c e  i n t e r v a l s  (Log^g) ,
C o l l e c t i o n #21 Col 1 a c t i o n #26 C o l l e c t i o n  #29
L a t e  Apr i l M i d - J u l y Mid- S e p t .
PLOTS X 4 4 X *-2 X ^2 4
OPC 726 779 678 713 748 680 666 718 618
ZIA 848 906 796 737 786 690 634 723 555
ZIB 824 897 757 747 796 701 626 706 555
ZIC 898 932 866 645 707 588 711 766 660
ZID 941 1005 880 699 820 595 791 869 719
Z2A 892 1012 786 705 797 623 663 760 578
Z2B 1052 1134 976 831 925 747 831 930 742
Z2C 950 1021 883 800 882 726 697 790 616
Z2D 1078 1154 1006 953 1040 873 760 828 698
(Rice e t  a l .  1977)
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F i g u r e  6 .  PPM S u l f u r  i n  l i v e  l e a v e s  o f  A gropyT on  s m i t h U  
means and 95% c o n f i d e n c e  i n t e r v a l s  (Log-jQ).
F i g u r e  7 .  PPM S u l f u r  i n  r o o t s ,  r h i z o m e s  and c ro w n s  o f  
A g ro p y ro n  s m i t h i i  -  means and 95% c o n f i d e n c e  
i n t e r v a l s .
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i n - p l o t  v a r i a b i l i t y ,  a s i g n i f i c a n t  c o r r e l a t i o n  o f  s u l f u r  l e v e l s  
in  4 . s m i t h i i  was found between l i v e  t ops  and below-ground p a r t s .
One can t hus  no t e  two im po r t an t  t r e n d s  r e g a rd i n g  A. s m i th i i  on 
t h e  ZAPS: 1) an i n c r e a s e  in s u l f u r  c o n t e n t  o f  l i v e  l e av es  and r o o t s  
c o r r e sp o nd in g  t o  an i n c r e a s e  in  SO2 f u m ig a t i o n ,  and 2) a d e c r ea se  in 
s u l f u r  l e v e l s  in both  p l a n t  p a r t s  as  t h e  season p r o g re s se s  up u n t i l  
t h e  f a l l  g r e e n - u p ;  impo r t an t  e x c e p t i o n s  t o  t h e s e  t r e n d s  occu r  on 
t h e  C and D p l o t s .
Add i t i o na l  s t u d i e s  by t h e  EVST Lab found no s i g n i f i c a n t  d i f f e r ­
ences  a c r o s s  t h e  ZAPS I and OPC p l o t s  i n  v e g e t a t i v e  phenology.  On 
ZAPS I I ,  p l o t  D e x h i b i t e d  a s l i g h t l y  h i g h e r  number o f  l e a ves  f o r  
A. s m i t h i i  when compared t o  t h e  r e s t  o f  ZAPS I I  and OPC. A t r end  
o f  i n c r e a s e d  l e a f  n e c r o s i s  o f  a , s m i t h i i  wi th  i n c r e a s e d  fumiga t i on  
was noted on t h e  ZAPS. Overal l  t h e  t r e n d  was one o f  " g r e a t e s t  
n e c r o s i s  on v e g e t a t i o n  on t h e  most  fumiga ted  p l o t s  and l e a s t  n e c r o s i s  
on Z2A and OPC v e g e t a t i o n  t h rough  t h e  pe r i od  o f  l e a f  development  and 
expans ion .  A f t e r  growth c e a s e d ,  v e g e t a t i o n  on t h e  Z2A p l o t  began t o  
become n e c r o t i c  a t  a f a s t e r  r a t e  t han  v e g e t a t i o n  on t h e  o t h e r  t r e a t e d  
p l o t s .  ZAPS I and I I  (1977) were s i m i l a r  t o  ZAPS I I  ( 1976) ,  wi th  t he  
Z2A p l o t  e x h i b i t i n g  a s i m i l a r  bu t  n o n - s i g n i f i c a n t  p a t t e r n  o f  low l eve l  
n e c r o s i s  e a r l y  in t he  s e a s on ,  bu t  showing a r e l a t i v e l y  high amount 
o f  n e c r o s i s  l a t e  in  t h e  summer, (Rice  e t  a Z . ,  1978 ) . "
36
The Mycor rh iza l  Study 
Absorbance and SO2 Dosage
Regres s ion  o f  p e r c e n t  mycor rh i za l  i n f e c t i o n  on both abso rbance  
( F ig u re  8) and t h e o r e t i c a l  502 dosage  ( F ig u r e  9) f o r  ZAPS I I ,  c o l l e c ­
t i o n  #29,  was found t o  be s i g n i f i c a n t  a t  t h e  p^.OOl and p^ ,05 l e v e l s  
r e s p e c t i v e l y .  Thus a l a r g e  and s i g n i f i c a n t  p o r t i o n  o f  t h e  p e r c en t  
mycor rh i za l  i n f e c t i o n  l e v e l s ,  a s  de te rmined  by t h e  i n v e s t i g a t o r  
t h rough v i s u a l  e x a m in a t i o n ,  cou ld  be e xp l a in ed  by t h e o r e t i c a l  SO2 
dosage and by sp e c t r o p h o t o m e t e r  absorbance  r ea d in g s  o f  t h e  r o o t  
e x t r a c t s .  The r e s u l t a n t  t r e n d ,  as  seen in  F igure s  10 and 11 and 
Tab les  3 and 4 ,  was f o r  t h o s e  p l a n t s  from the  high SO2 dosage p l o t s  
(C and D) t o  e x h i b i t  both low abso rbance  r ea d in g s  and r e l a t i v e l y  lower  
p e r c e n t  myco r rh i za l  i n f e c t i o n  l e v e l s .  Roots o f  A, sm 'ith ii  were no t  
e a s i l y  d i s t i n g u i s h a b l e  in  t h e  f i e l d  on t h e  b a s i s  o f  c o l o r .  However, 
when s t a i n e d  and m i c r o s c o p i c a l l y  examined a t  a l a t e r  p o i n t  in t ime ,
A, sm ith ii ,  r o o t  samples  from OPC c o l l e c t i o n  #26,  c o n s i s t e d  o f  a l a r g e r  
number o f  f a t  r o o t s  w i th  a y e l l o w - g o l d  c o l o r a t i o n ,  compared t o  t hose  
from ZAPS I I ,  p l o t s  C and D. Roots from t h e  h i g h e r  t r e a t m e n t  p l o t s  
t ended  t o  have many more t h i n ,  da rk  brown r o o t s .  Un t i l  a d d i t i o n a l  
sampl ing and f u r t h e r  a n a l y s i s  o f  absorbance  d a t a  i s  conduc t ed ,  however,  
t h e  95% co n f i d e nc e  l i m i t s  ( F ig u r e  8) i n d i c a t e  t h a t  absorbance  r ead i ng s  
a lo ne  do n o t  p r ov ide  t h e  d e s i r e d  accu racy  f o r  p r e d i c t i o n  o f  p e r c e n t  
m yco r r h i za l  i n f e c t i o n  l e v e l s  on t h e  ZAPS.
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F i g u r e  8.  Reg r e s s io n  o f  p e r c e n t  myco r rh i za l  i n f e c t i o n  on absorbance  
from c o l l e c t i o n  29 (mid-Sept ember )  d u r i n g  1977 on ZAPS II  
( Rice  e t  a l .  y 1977 )
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R eg re s s ion  o f  p e r c e n t  m yc o r r h i za l  i n f e c t i o n  on t h e o r e t i c a l  
SO2 dosage  from c o l l e c t i o n  29 (m id -Sep t embe r ) d u r i ng  1977 
on ZAPS I I .  (Ri ce  e t  a Z . , 1 9 7 7 )
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Table  3.  Data f o r  p e r c e n t  m yc o r r h i z a l  i n f e c t i o n  and absorbance
(x)  from c o l l e c t i o n  26 (mid - Ju ly )  1977.  (Rice  e t  a Z . , 1 9 7 7 )
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P e r c e n t  Mycor rh iza l  I n f e c t i o n  and SOp Dosage
In both  c o l l e c t i o n s  #26 and #29,  s i g n i f i c a n t  d i f f e r e n c e s  in  p e r ­
c e n t  mycor rh i za l  i n f e c t i o n  l e v e l s  were found among t h e  OPC and ZAPS, 
R e s u l t s  o f  t h e  K r u s k a l l - W a l l i s  t e s t  showed t h a t  t h e  d i f f e r e n c e  among 
t h e  p l o t s  was s i g n i f i c a n t  a t  t h e  p^ .05  l eve l  f o r  t h e  #29 c o l l e c t i o n ,  
wh i l e  t h e  d i f f e r e n c e  among t h e  c o l l e c t i o n  #26 da t a  was s i g n i f i c a n t  
a t  t h e  p £ . 005 l e v e l .
F u r t h e r  a n a l y s i s  o f  t h e  d a t a  by means o f  t h e  Wilcoxon two sample 
t e s t  d e l i n e a t e d  s i g n i f i c a n t  d i f f e r e n c e s  between s p e c i f i c  p l o t  p a i r s  
a t  t h e  p ^ . 05 l ev e l  (See Tab les  5 and 6 ) .  In t h e  case  o f  ZAPS I I ,  c o l ­
l e c t i o n  #29,  p l o t s  A and B e x h i b i t e d  a h i g he r  l eve l  o f  myco rrh i za l  
i n f e c t i o n  t han  p l o t s  C and D, Al though OPC #29 had a h i g he r  i n f e c t i o n  
l e v e l  t han  IID #29,  no s i g n i f i c a n t  d i f f e r e n c e  was d e t e c t e d  when 
compared t o  ZAPS I I ,  p l o t s  A, B, and C, In t h e  ca s e  o f  c o l l e c t i o n  #26,  
h i gh e r  i n f e c t i o n  l e v e l s  were found on t h e  OPC and IB p l o t s  when com­
pared  t o  t h e  IC and ID p l o t s .  On ZAPS I I ,  OPC and t h e  A p l o t  e x h i b ­
i t e d  h i g h e r  i n f e c t i o n  l e v e l s  t han  t h e  C and D p l o t s .  Al though IIB #26 
had a h ig he r  i n f e c t i o n  l ev e l  t han  IIC #26,  i t  could  no t  be d i s t i n ­
gui shed from IIA and OPC,
A d d i t i o na l  F ind in gs
Of i n t e r e s t  was t h e  s i g n i f i c a n t  ( p£ ,05)  and unexpec ted  d i s c o v e r y  • 
t h a t  p e r c e n t  mycor rh i za l  i n f e c t i o n  l e v e l s  were n e g a t i v e l y  c o r r e l a t e d  
(Spearmans Rho) w i th  t o t a l  s u l f u r  in  l e a v es  on t h e  OPC and ZAPS I and 
I I ,  c o l l e c t i o n  #26.  However, a p o s i t i v e  c o r r e l a t i o n  was no t  found 
between p e r c e n t  myco rrh i za l  i n f e c t i o n  and t o t a l  s u l f u r  in t h e  r o o t s .
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Table 5.
R e s u l t s  o f  K r u s k a l l -W a l l i s  and Wilcoxon 
Two Sample T es t s  f o r  p e r c e n t  myco r rh i za l  i n f e c t i o n ,  
ZAPS I and I I ,  c o l l e c t i o n  #26,  m id - J u ly  1977
K r u s k a l l - W a l l i s  s t a t i s t i c  f o r  % myco r rh i za l  i n f e c t i o n  
between OPC, ZAPS I and ZAPS I I  i s  31.38443 
c r i t i c a l  va lue  = 15.507 0 p - . 05
Wilcoxon Two Sample S t a t i s t i c s  
2D 20 28 2A ID 10 IB lA
OPO 73 .5*  88 .0*  59 .5  65 .0  54.5  69 .5*  48 .0  57 .5
lA 61 . 0  85 .0*  46 .0  45 .0  62 .5  56.5  66 .0
IB 86 .5*  95 .5*  69.0  75 .0*  58.5  75 .5
10 58 .0  90.0  55.5  60 .0  73 .5*
ID 80 .0*  96 .0*  63 .0  67 .0
2A 69 .0  95 .0*  52.5
2B 67 .0  91 .0*
20 79 .0*  * I n d i c a t e s  s i g n i f i c a n t  @ p^ .05
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Table 6.
R e su l t s  o f  K r u s k a l l - W a l l i s  and Wilcoxon 
Two Sample T e s t s  f o r  p e r c e n t  mycor rh i za l  i n f e c t i o n ,
ZAPS I I ,  c o l l e c t i o n  #29,  mid-September  1977
K r u s k a l l - W a l l i s  s t a t i s t i c  f o r  ^mycor rh iza l  i n f e c t i o n  
between OPC, 2A, 2B, 2C, and 2D i s  26.314 
c r i t i c a l  va lue  = 9 .448  0 p^ .05
Wilcoxon Two Sample S t a t i s t i c s
2D 2C 28 2A
OPC 71* 35 68* 69*
2A 64* 51* 55 :
28 72* 61
2C 54*
^ i n d i c a t e s  s i g n i f i c a n t  0 p~.05
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In a d d i t i o n ,  s e v e r a l  im po r t an t  o b s e r v a t i o n s  were noted by t h e  
p r i n c i p a l  i n v e s t i g a t o r .  Higher  swol l en  and abnormal ly  l a r g e  i n t e r i o r  
v e s i c l e s  were found and photographed  i n  r o o t s  from t h e  IB #26 c o l l e c ­
t i o n .  Samples from I IB ,  c o l l e c t i o n s  #26 and #29,  co n t a in e d  an ext r eme­
l y  l a r g e  number o f  e x t e r i o r  v e s i c l e s  and a t t a c h e d  hyphae compared t o  
r o o t s  from any o f  t h e  o t h e r  p l o t s  sampled,  p a r t i c u l a r l y  IID #29,  where 
no e x t e r i o r  v e s i c l e s  cou ld  be found.  A gene ra l  r e d u c t i o n  in  r o o t  
width  and an i n c r e a s e d  browning were obse rved  t o  be a s s o c i a t e d  wi th  
i n c r e a s e d  SO2 dosage  on t h e  ZAPS I I  c o l l e c t i o n  #26,
Chapte r  V 
DISCUSSION
Although by no means c o n c l u s i v e ,  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a ­
t i o n  seem to  i n d i c a t e  t h a t  c e r t a i n  l e v e l s  o f  SOg fumiga t i on  have a 
d e t r i m e n t a l  impact  on myco r rh i za l  p o p u l a t i o n s  which i n h a b i t  r o o t s  o f
A. s m ith i i .  Bes ides  d a t a  g e n e r a t e d  from the  1977 c o l l e c t i o n  p e r i o d ,  
photographed  morphologi ca l  ev idence  s u b s t a n t i a t e s  t he  f i n d i n g  o f  
impai rment  o f  t h e  symb io t i c  s t a t e  by SO2 ( P l a t e s  1 and 2 ) .
Upon r ev i ewing  t h e  methodology,  however,  i t  i s  c l e a r  t h a t  s e ve r a l  
p o t e n t i a l  sou rc e s  o f  e r r o r  were p r e s e n t .  Foremost  i s  t h e  f a c t  t h a t  due 
t o  t h e  f i e l d  c o n d i t i o n s  o f  t h i s  s t u d y ,  t h e  impact  o f  s e ve ra l  e n v i r o n ­
mental  f a c t o r s  remain unaccounted f o r .  Prev ious  g r az ing  h i s t o r y ,  s o i l  
t ypes  and w i t h i n - p l o t  v a r i a b i l i t y  could  have s i g n i f i c a n t l y  i n f l u e n c e d  
myco r rh i za l  p o p u l a t i o n s  on t h e  ZAPS. P l a n t  community s t u d i e s  s t i l l  in 
p r o g r e s s  on t h e  ZAPS w i l l  h o p e f u l l y  p rov ide  f u r t h e r  i n fo rma t io n  on t he  
e c o l o g i c a l  s t a t u s  o f  A, s m ith i i  w i t h  r ega rd  t o  such f a c t o r s .
The n a t u r e  o f  t h e  e x t r a c t e d  r o o t  p igment ,  t hough t  t o  be formed 
on ly  when a r o o t  becomes mycor rh i za l  i s  o f  concern .  No one y e t  knows 
t h e  e x a c t  chemical  n a t u r e  o f  t h i s  p igment .  I t  i s  t h ou g h t ,  however,  
t o  be s u b j e c t  t o  l i g h t  d e g r a d a t i o n .  Oust  how much l i g h t  i s  n ece s sa ry  
f o r  d e g r a d a t i o n  and whether  d e g r a d a t i o n  occu rs  be fo r e  o r  a f t e r  
e x t r a c t i o n  i s  unknown. Roots were exposed t o  l i g h t  in  t h e  c l e a n i n g ,  
han d l i ng  and s t o r a g e  p r o c e s s e s ,  s t r e s s  from which could  have c o n c e iv ­
a b ly  a l t e r e d  t he  amount o f  pigment  p r e s e n t  in t h e  e x t r a c t s .  A f t e r
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P l a t o  1.  En do m y c o r r h i z ae  o f  Agr*opyr*on sm i.th i,l,
A. E x t e r i o r  v e s i c l e s  and hyphae  f rom ZAPS p l o t  I I B ,
c o l l e c t i o n  26.
B. C r o s s - s e c t i o n  o f  r o o t  f rom t h e  OPC, c o l l e c t i o n  2 9 ,
showing i n t e r i o r  v e s i c l e s  i n  o u t e r  c o r t i c a l  c e l l s ,
C. Mass o f  e x t e r i o r  v e s i c l e s  and hyphae  f rom ZAPS p l o t
I I B ,  c o l l e c t i o n  26.
D. I n t e r i o r  v e s i c l e s  i n  o u t e r  c o r t e x  a s  v i ewed  t h r o u g h
e p i d e r m i s ;  whole  mount  o f  r o o t  f rom OPC, c o l l e c t i o n  26
P l a t e  2 .  E n dom yc or rh i za e  o f  Agropyron smi.th'i't,
E. A r b u s c u l a r  s t a g e  i n  whole  mount  o f  r o o t  f rom ZAPS
p l o t  I I B ,  c o l l e c t i o n  26 .
F. C r o s s - s e c t i o n  o f  r o o t  f rom OPC, c o l l e c t i o n  29 ,
showing hyphae  e n t e r i n g  t h r o u g h  r o o t  h a i r .
G. E n l a r g e d ,  abnormal  i n t e r i o r  v e s i c l e s  i n  r o o t  f rom
ZAPS p l o t  IB,  c o l l e c t i o n  26.
H. I n t e r i o r  v e s i c l e s  and hyphae  i n  who l e  mount  o f  r o o t
f rom ZAPS p l o t  I I B ,  c o l l e c t i o n  26.
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e x t r a c t i o n ,  but  b e fo r e  absorbance  r e a d i n g s  were conduc ted ,  samples 
were kep t  under  uni form c o n d i t i o n s  o f  da rknes s  and t em pe r a t u r e .  Minor 
f l u c t u a t i o n s  in t em p e r a t u r e  and s p i l l a g e  could  have i n f l u e n ce d  
abso rbance  r e a d i n g s .  V a r i a b l e  amounts o f  dead o r  d i s e a s e d  r o o t s  in 
t h e  sample and useage  o f  l e s s - e x a c t i n g  f r e s h  w e i g h t s ,  r a t h e r  than  dry 
w e i g h t s ,  were y e t  a d d i t i o n a l  p o t e n t i a l  sou rces  o f  e r r o r .
One canno t  deny t h a t  s u b j e c t i v i t y  was involved  in coun t i ng  r o o t  
p i e c e s  f o r  d e t e r m i n a t i o n  o f  myco r rh i za l  i n f e c t i o n .  For t he  i n e x p e r i ­
enced ,  i t  i s  ex t r eme ly  d i f f i c u l t  t o  d e c i p h e r  what one i s  s ee ing  when 
no gu ide  o t h e r  t han  p r i n t e d  t e x t  and a very  small  number o f  p i c t u r e s  
a r e  a v a i l a b l e .  Var ious  o t h e r  f u n g i ,  such as Polymyxa  and O lpidivm  spp.  
s t a i n  s i m i l a r l y  t o  VA my co r rh i za e .  Under low m a g n i f i c a t i o n ,  heavy 
i n f e c t i o n  w i th  t h e s e  p a r a s i t e s  can be confused  w i th  mycor rh i za l  
i n f e c t i o n .  F o r t u n a t e l y ,  under  n a t u r a l  c o n d i t i o n s ,  heavy i n f e c t i o n  
w i th  such p a r a s i t e s  i s  r e l a t i v e l y  r a r e .
S t a t i s t i c a l l y  s i g n i f i c a n t  were t h e  f i n d i n g s  t h a t :  1) s p e c t r o ­
photometer  ab so rbance  r e a d i n g s  a r e  r e l a t e d  t o  and p o t e n t i a l l y  p r e ­
d i c t i v e  o f  p e r c e n t  myco r rh i za l  i n f e c t i o n  (as  sugges t ed  by Becker & 
Gerdemann, 1977) ,  2) m yco r rh i za l  l e v e l s  were n e g a t i v e l y  c o r r e l a t e d  wi th  
s u l f u r  c o n c e n t r a t i o n s  in t he  l e a v es  o f  s m i th i l  from the  same c o l ­
l e c t i o n  p e r i o d ,  3) myco r rh i za l  l e v e l s  were no t  c o r r e l a t e d  wi th  s u l f u r  
l e v e l s  in  r o o t s ,  4)  t h e o r e t i c a l  SO^ dosage  was i n v e r s e l y  r e l a t e d  t o  
myco r rh i za l  i n f e c t i o n  l e v e l s  on ZAPS I I  in  t h e  f a l l  c o l l e c t i o n ,  and 
5) s u l f u r  l e v e l s  in  r o o t s  were p o s i t i v e l y  c o r r e l a t e d  wi th  s u l f u r  l e v e l s  
i n  l i v e  l e a v e s .
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The fo l l o w in g  h i g h - p r o b a b i l i t y  t r e n d s  o r  p a t t e r n s  a l s o  emerged 
from t h i s  s t ud y :  1 ) high l e v e l s  o f  i n f e c t i o n  and e x t e r i o r  v e s i c l e
fo r ma t ion  were a s s o c i a t e d  wi th  low SO^ dosage p l o t s ,  2 ) po pu l a t i o ns  
g e n e r a l l y  d e c l i n e d  o r  fewer  r o o t s  were i n f e c t e d  on t h e  h i ghe r  (C and D) 
dosage  p l o t s ,  3) abnormal ,  swo l l en  i n t e r i o r  v e s i c l e s ,  s i m i l a r  t o  t h ose  
formed as  a r e s u l t  o f  a l a c k  o f  n i t r o g e n ,  were found on t h e  IB p l o t ,  
and 4) a t r e n d  towards  l e s s  v a r i a b i l i t y  o f  i n f e c t i o n  l e v e l s  was 
a s s o c i a t e d  w i t h  i n c r e a s i n g  fumiga t i on  l e v e l s  as  ev idenced  by t h e  wide 
s c a t t e r  o f  i n f e c t i o n  l e v e l s  and absorbance  r ea d i ng s  on t he  OPC.
Al so ,  r o o t s  from C and D p l o t s  c o n s i s t e d  o f  a g r e a t e r  number o f  
t h i n ,  d a r k l y - c o l o r e d ,  deep golden t o  brown r o o t s ,  whereas r o o t s  from 
t h e  OPC t ended t o  be t h i c k e r ,  a more pa l e  y e l l o w -g o l d  and p o s s i b l y  
w i th  a more p e r s i s t e n t  c o r t e x .  Deeper c o l o r a t i o n  could  be due t o  
i n c r e a s e d  l i g n i f i c a t i o n  o r  s u b e r i z a t i o n  a l t hough  no chemical  t e s t s  
were conduct ed  t o  de t e rmine  such.  Root biomass o f  Bouteloua g v a c i l i s  
has been r e p o r t e d  t o  i n c r e a s e  by 150% when i n f e c t e d  wi th  Glomus 
(Endogone) fa s ' lc u la ta  (Al len  e t  a Z . ,  1978) ,  The i n c r e a s e  in  t h i n n e r -  
t ype  r o o t s  on t h e  C and D p l o t s  might  be a consequence  o f  a r ed uc t i o n  
in myco r rh i za l  i n f e c t i o n  o r  r o o t  biomass .
The f a c t  t h a t  a s i n g l e  endomycor rh iza l  s p e c i e s  can e x i s t  w i th in  
a v a r i e t y  o f  p l a n t  s p e c i e s  and f l o u r i s h  under  an ex t reme ly  wide range 
o f  envi ronmen ta l  c o n d i t i o n s  s u g g e s t s  t h a t  t h e s e  a r e  organisms o f  
wide ly  a d a p t a b l e  b e ha v i o r  and t o l e r a n c e .  Depres s ions  in t h e i r  popu­
l a t i o n s  seen on t h e  ZAPS, which a r e  e d a p h i c a l l y  f a r  more s i m i l a r  than 
d i s s i m i l a r ,  a r e  t hus  most  l i k e l y  an i n d i r e c t  r e s u l t  o f  unusual  m o d i f i ­
c a t i o n s  in t h e  h e a l t h  s t a t e  o f  t h e  ho s t  p l a n t ,  r a t h e r  t han  a d i r e c t
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r e s u l t  o f  SOg f u m ig a t i o n .  Ex p l ana t i ons  o f  t h e  manner in which mycor­
r h i z a e  a r e  i n f l u e n c e d  by a l t e r a t i o n s  in h o s t  p l a n t  metabol i sm a r e  a 
m a t t e r  o f  c o n s i d e r a t i o n ,  f u r t h e r  e x p e r i m e n t a t i o n  and f u t u r e  i n v e s t i ­
g a t i o n .  At t h i s  p o i n t  in t im e ,  e x p l a n a t i o n s  o f  t h i s  s o r t  would be 
h i g h ly  s p e c u l a t i v e .  However,  by u t i l i z i n g  i n fo rma t io n  ga rne red  from 
SO^-impact  s t u d i e s  on o t h e r  o b l i g a t e  p a r a s i t e s  o r  symb io t ic  s t a t e s ,  
one can o b t a i n  a g r e a t e r  u nd e r s t a n d i n g  o f  t h e  t r e n d s  e l i c i t e d  in t h i s  
s t ud y .
With r e s p e c t  t o  t h e  impact  o f  SO2 on o t h e r  a s p e c t s  o f  p l a n t  
met abo l i sm ,  Dodd e t  a Z . ,  (1978) no t ed  a t endency  towards a de c r ea se  in 
rhizome biomass a c r o s s  t h e  p l o t s ,  which c o in c id e d  wi th  my own o b s e r ­
v a t i o n  o f  a s i m i l a r  d e c r e a s e  in r o o t  s i z e ,  A su r p l u s  o f  c a r bo hy d r a t e s  
in r o o t s  i s  t h ough t  by some t o  be t h e  main fungal  a t t r a c t a n t ,  u t i l i ­
z a t i o n  o f  such by EDM p r e v e n t i n g  t he  a t t r a c t i o n  o f  more s e r i o u s  
pa thogens .  I f  SO2 f umiga t i on  caused e i t h e r  a de c r ea se  in p rope r  
p h o t o a s s i m i l a t e s  t r a n s p o r t e d  t o  t h e  r o o t s  r e s u l t i n g  in an o v e ra l l  
d e c r e a s e  in r o o t  c a r b o h y d r a t e s  o r  an i n c r e a s e  o f  t i s s u e  l eakage  w i t h in  
t h e  r o o t s ,  s u i t a b l e  mycor rh i za l  n u t r i t i o n a l  r equ i r emen t s  might  not  be 
m a i n t a i ne d ,
A wel l  e s t a b l i s h e d  t h e o r y  o f  p l a n t  p a th o ge n ec i t y  a s s o c i a t e s  t i s s u e  
l e a k ag e  o r  q u a n t i t i e s  o f  c e l l u l a r  m a t e r i a l s  r e l e a s e d  by exosmosis wi th  
d i s e a s e - i n d u c e d  s t r e s s  (Wheeler  and Hanchey,  1968) ,  That  mycor rh i zae  
do n o t  i n c r e a s e  t i s s u e  l e akag e  i s  ev idenced  by t h e i r  i n d u c t i o n  w i t h in  
a h o s t  o f  i n c r e a s e d  c o r t i c a l  and cy to p l a s m ic  volume,  i n c r e a s ed  mineral  
up t ake  and an o v e r a l l  i n c r e a s e  in v i g o r ,  P la smolys i s  and c o i n c i d e n t  
t i s s u e  l e a k a g e ,  however,  a r e  c h a r a c t e r i s t i c  o f  SO2 damage
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( Z i e g l e r ,  1975) .  Leakage o f  v a s c u l a r  c y l i n d e r  c o n t e n t s  t o  r o o t  
e x t e r i o r s  would most  l i k e l y  be d e l e t e r i o u s  t o  EDM because  i t  i s  w i t h in  
t h e  phloem and endodermis t h a t  phenols  and p o t e n t i a l l y  f u n g i t o x i c  
qu inones  e x i s t  in g r e a t e s t  c o n c e n t r a t i o n .  I t  i s  t hough t  t h a t  only  in 
t h e  more su c c e s s f u l  pa tho ge ns ,  t h os e  which cause  a sys temic  i n f e c t i o n  
o r  o t h e r w i s e  p e n e t r a t e  t h e  endodermis and e n t e r  t h e  v a s c u l a r  c y l i n d e r ,  
does t h e r e  e x i s t  t h e  c a p a b i l i t y  o f  o x i d i z i n g  phenols  and quinones  t o  
n o n - t o x i c  i n s o l u b l e  pigments  (Mi l e s ,  1968) ,  Less su c ce s s f u l  pathogens  
a r e  c o n s i d e r e d  i n c a p a b l e  o f  e x t e n s i v e  quinone o x i d a t i o n .  Al though 
t h e  r e l a t i o n s h i p  between such f u n g i t o x i c  phenols  and EDM i s  unknown, 
t h e  f a c t  t h a t  EDM do not  p e n e t r a t e  t h e  endodermis and v a s c u l a r  c y l i n d e r  
i s  s u g g e s t i v e  o f  a c h e m i c a l - b a r r i e r  w i t h in  t h e s e  t i s s u e s ,  which would 
be d e l e t e r i o u s  t o  EDM i f  l e a k e d ,  as might  happen under  c o n d i t i o n s  o f  
unusual  s t r e s s .
Once a g a i n ,  i t  must  be s t a t e d  t h a t  t he  p h y s i o l o g i c a l  r e l a t i o n s h i p ,  
in  t erms o f  m e t ab o l i c  pa thways ,  has been v i r t u a l l y  unexplored  in  t he  
c a se  o f  EDM, due t o  t h e  l a ck  o f  t e c h n i q ue  f o r  c u l t u r i n g  endophyte  
s e p a r a t e l y  from h o s t .  In view o f  t h e  d e l i c a t e  me t ab o l i c  ba lance  
presumed t o  e x i s t  in any symb io t i c  s t a t e ,  and t he  p o t e n t i a l  f o r  
d i s r u p t i o n  o f  t h i s  s t a t e  in EDM by SO^, t h e o r i e s  concern ing  such as 
t h i s  p o i n t  in t im e ,  however s p e c u l a t i v e ,  a r e  n o n e th e l e s s  p e r t i n e n t ,
A f i n a l  impor t an t  a s p e c t  r e g a r d i n g  r e s e a r c h  on m yco r rh i zae ,  i s  
t h e i r  p o t e n t i a l  va lue  in r e v e g e t a t i o n  p r a c t i c e s  on s t r i p - m i n e d  l and .  
Seve ra l  i n v e s t i g a t o r s  have no t ed  t h a t  q u i t e  o f t e n  t he  su cce s s fu l  
v e g e t a t i o n  on such land  c o n s i s t s  o f  ECM t r e e  s p e c i e s  and n i t r o g e n -
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f i x i n g  p l a n t s  (Schramm, 1966;  Marx,  1975;  Medve e t  a Z , ,  1977) .  Whether 
EDM a r e  a n e c e s s i t y  f o r  s u c c e s s f u l  r e v e g e t a t i o n  o f  s e m i - a r i d  g r a s s l a n d s  
in  s o u t h e a s t e r n  Montana i s  a m a t t e r  wor thy o f  immediate a t t e n t i o n  and 
i n v e s t i g a t i o n .
In c o n c l u s i o n ,  i t  i s  s u g g e s t e d ,  t h a t  in r e sponse  t o  SO2 f umiga t i on  
on t h e  ZAPS, t h e  r o o t  sys tem o f  Agvopyron sm ith i'i  i s  undergoing m o d i f i ­
c a t i o n  r e s u l t i n g  in  t he  e x c l u s i o n  o r  l e s s e n i n g  o f  t he  mycor rh i za l  h a b i t .
LITERATURE CITED
Ainswor th ,  G.C. and A.S.  Sussman ( e d s . ) .  1965. The fu ng i :  Vol.  I .
The fungal  c e l l .  Acad. P r e s s ,  New York. 748 p.
____________. 1968.  The f u n g i :  Vol .  I I I .  The fungal  p o pu l a t i o n .
Acad. P r e s s ,  New York. 738 p.
A l l e n ,  Michael  F . , T .S .  Moore, J r . ,  and M. C h r i s t e n s e n .  1978. Phys io­
l o g i c a l  a l t e r a t i o n s  o f  Bouteloua g v a c i l i s  i n f e c t e d  by Glomus 
f a s c i c u l a t u s  ̂ a v e s i c u l a r - a r b u s c u l a r  mycor rh i za l  fungus .  P l a n t  
P h y s i o l ,  ( a b s t . )  61 (4 ) :  59.
An tonov i cs ,  J .  and A.D. Bradshaw. 1970. Evo lu t i on  in c l o s e l y  a d j a c e n t  
p l a n t  p o p u l a t i o n s ,  8 . C l i n i c a l  p a t t e r n s  in Anthoxanthum odovatum  
a c r o s s  a mine boundary.  He r ed i t y ,  25: 349-362.
Aulakh,  M.S. and N.S. P a s r i c h a .  1977, I n t e r a c t i o n  e f f e c t  o f  su l ph u r  
and phosphorous  on growth and n u t r i e n t  c o n t e n t  o f  Moong 
(Phaseolus auveus  L , ) ,  P l a n t  and S o i l ,  47 ( 2 ) :  341-350.
B a y l i s ,  G.T.S,  1967, Exper iments  on t he  e c o l o g i c a l  s i g n i f i c a n c e  o f  
phycomycetous myco r rh i za s .  New P h y t o l , 6 6 : 231-243.
1972a.  Fungi ,  phosphorous and t h e  e v o lu t i o n  o f  r o o t
sys tems .  Search .  3 ( 7 ) :  257-258,
 . 1972b.  Minimum l e v e l s  o f  a v a i l a b l e  phosphorous f o r
non -mycor rh iza l  p l a n t s .  P l a n t  and S o i l .  36: 233-234,
___________ , 1974. The e v o l u t i o n a r y  s i g n i f i c a n c e  o f  phycomycetous
myco r rh i za s .  From: Mechanisms o f  Regu la t i on  o f  P l a n t  Growth.
R.L. B i e l e s k i ,  A.R. Ferguson ,  M.M. Cresswel l  ( e d s . ) .  B u l l e t i n  
12. The Royal So c i e t y  o f  New Zea land ,  We l l i ng ton ,  191-193,
Bawden, F.C. 1957.  The r o l e  o f  p l a n t  h o s t s  in  m ic rob i a l  ecology.
Symposium Soc,  Gen. M i c r ob io l .  7: 299-314.
Becker ,  W.N. and J.W. Gerdemann. 1977.  C o l o r im e t r i c  q u a n t i f i c a t i o n  
o f  v e s i c u l a r - a r b u s c u l a r  mycor rh i za l  i n f e c t i o n  in on ion .  New 
Ph y t o l ,  78: 289-295.
B e l l ,  J .N .B.  and W.S, Clough,  1973. Depress ion  of  y i e l d  o f  r ye g r a s s  
exposed t o  su lp h u r  d i o x i d e .  Na tur e .  241: 47-49.
Biddu lph ,  0 . ,  S. Biddulph ,  R. Cory,  and H. Koontz,  1958. C i r c u l a t i o n
p a t t e r n s  f o r  phospho rous ,  su l p h u r  and ca l c ium in t h e  bean p l a n t .
P l a n t  P h y s i o l .  33: 293-300.
51
52
B i r d ,  G.W,, J . R ,  R i ch ,  and S.U. Glover ,  1974. I ncr eased  endomycor­
r h i z a e  o f  c o t t o n  r o o t s  t r e a t e d  wi th  n e m a t i c id e s .  Phytopa tho logy .  
6 4 ( 1 ) :  48-51 ,
B l e a s d a l e ,  J .K.A,  1973,  E f f e c t s  o f  coal -smoke p o l l u t i o n  gases  on t he  
growth o f  r y e g r a s s  (Lolium perenne  L . ) ,  Environ.  Pol l u t .  5 ( 4 ) :  
275-285.
B u t l e r ,  E,0 ,  1939.  The oc cu r r en c e  and s y s t e m a t i c  p o s i t i o n  o f  t he
v e s i c u l a r - a r b u s c u l a r  t ype  o f  mycor rh i za l  f u n g i ,  Trans ,  B r i t .
Mycol . Soc,  22:  274-301.
Cocking,  W.D. 1973, P l a n t  community damage and r e p a i r a b i l i t y
f o l l o w in g  SO2 s t r e s s  on an o l d - f i e l d  ecosys tem.  Ph.D. T he s i s .  
Rutger s  U n iv . ,  New Brunswick,  New J e r s e y .  133 p.
Couey, H.M, 1965. I n h i b i t i o n  o f  ge rmina t i on  o f  A ltem a i> ia  spo re s  by 
SÜ2 under  v a r i o u s  m o i s tu r e  c o n d i t i o n s .  Phytopa th .  55 (5 ) :  525- 
527,
Coupland,  R.T. and R.E. Johnson.  1965.  Root ing c h a r a c t e r i s t i c s  o f
n a t i v e  g r a s s l a n d  s p e c i e s  in Saskatchewan.  J .  E c o l . 53: 475-507.
Cox, G. and F, Sande rs .  1974. U l t r a s t r u c t u r e  o f  t h e  hos t - fungus
i n t e r f a c e  in  a v e s i c u l a r - a r b u s c u l a r  myco r rh i za .  New Phyto l .
73:  901-912.
  and P.B. T ink e r .  1976, T r a n s l o c a t i o n  and t r a n s f e r  o f
n u t r i e n t s  in v e s i c u l a r - a r b u s c u l a r  my co r rh i za s .  I .  The a r b u s c u l e  
and phosphorous t r a n s f e r :  a q u a n t i t a t i v e  u l t r a s t r u c t u r a l  s t udy .
New Phy to l .  77: 371-378,
Crush ,  J .R .  1974, P l a n t  growth r esponse s  t o  VA myco r rh i za .  VII ,  
Growth and n o d u l a t i o n  o f  some herbage  legumes.  New Phy to l ,
73: 745-754.
D a f t ,  M,J .  and A.A. El-Giahmi ,  1974.  E f f e c t  o f  Endogone mycorrh i za
on p l a n t  growth.  VII .  I n f l u e n c e  o f  i n f e c t i o n  on t he  growth and 
n o d u l a t i o n  in French Bean (Phaseolus v u lg a r i s  L . ) .  New Phy to l .
73: 1139-1347.
 _______ and T.H, Ni col  son,  1966. E f f e c t  o f  Endogone mycorrh i za
on p l a n t  growth .  I I ,  I n f l u e n c e  o f  s o l u b l e  phosphate  on 
endophyte  and h o s t  in  mai ze .  New Phy to l .  6 8 : 945-952.
 and ___________ . 1969.  E f f e c t  o f  Endogone mycorrh iza  on
p l a n t  growth.  I l l ,  I n f l u e n c e  o f  inoculum c o n c e n t r a t i o n  on 
growth and i n f e c t i o n  i n  tomato.  New Phy t o l .  6 8 : 953-961.
53
____________  and B.O. Okusanya.  1973. E f f e c t  o f  Endogone mycorrhiza
on p l a n t  growth,  VI.  I n f l u e n c e  o f  i n f e c t i o n  on t h e  anatomy and 
r e p r o d u c t i v e  development  in  f o u r  h o s t s .  New Phy to l .  72: 1333-
1339,
Dodd, J . L . ,  W.K. L au r e n ro t h ,  J.W. Leetham, T . J .  McNary and G.L, Thor.  
1978, The e f f e c t s  o f  ch ro n i c  low l eve l  SO2 exposure  on producers  
and decompos i t ion  on t h e  ZAPS p l o t s .  From: The Bioenvi ronmental
Impact  o f  a C o a l -F i r e d  Power P l a n t .  E.M, P re s ton  and R.L. Lewis 
( e d s , ) .  Four th  I n t e r i m  Re po r t ,  C o l s t r i p ,  Montana.  U.S. Env i r ­
onmental  P r o t e c t i o n  Agency,  O f f i c e  o f  Research and Development,  
C o r v a l l i s ,  Oregon,  ( a t  p r e s s )
Eversman,  Sharon.  1978,  Soi l  and e p i p h y t i c  l i c h e n  communit ies o f  t he  
C o l s t r i p  a r e a .  From: The Bioenvi ronmental  Impact o f  a Coa l -F i r ed
Power P l a n t .  E.M. P re s ton  and R.L. Lewis ( e d s . ) .  Four th In t e r im  
Re po r t ,  C o l s t r i p ,  Montana.  U.S.  Environmental  P r o t e c t i o n  Agency. 
O f f i c e  o f  Research and Development ,  C o r v a l l i s ,  Oregon,  ( a t  p r e s s )
F a l l e r ,  N. 1970. E f f e c t s  o f  a tmosphe r i c  SO2 on p l a n t s .  Sulphur  
I n s t .  J .  6 ( 4 ) :  5-7 .
. 1971. P l a n t  n u t r i e n t  s u l p h u r - - S 02 vs .  SO4 . Sulphur  I n s t .
J .  7: 5-6 .
F i t t e r ,  A.H. 1977. I n f l ue nc e  o f  myco r rh i za l  i n f e c t i o n  on com pe t i t i on  
f o r  phosphorous  and po t as s ium by two g r a s s e s .  New Phy t o l ,  79: 
119-125.
G a r r e t t ,  S.D, 1956, Bio logy o f  r o o t - i n f e c t i n g  f u n g i .  Cambridge 
Univ.  P r e s s ,  New York. 293 p.
Ga rsed ,  S.G. and D. J .  Read, 1977, Su lphur  d i o x id e  metabol i sm in soy­
bean (G lyc ine  max v a r .  h i l o x i )  I I .  Biochemical  d i s t r i b u t i o n  o f  
35s02 p r o d u c t s .  New P h y t o l .  99: 583- 592.
Gerdemann, J.W. 1955. Wound-heal ing o f  hyphae in a phycomycetous
myco r rh i za l  f ungus .  Mycologia .  47:  916-918.
 . 1964.  The e f f e c t  o f  mycor rh i zae  on t he  growth o f  maize .
Mycologia .  56: 342-349.
 , 1968.  V e s i c u l a r - a r b u s c u l a r  mycor rh i za  and p l a n t  growth.
Ann. Rev. Phy topa tho logy .  6 : 397-418.
and J.M. Trappe ,  1973. The Endogonaceae in t h e  P a c i f i c
Nor thwest ,  Mycologia Memoir No. 5.  The New York Botan i ca l  
Garden,  New York, 76 p.
54
Gi lmore ,  A.E. 1971. The i n f l u e n c e  o f  en d o t ro ph i c  mycor rh i zae  on t he  
growth o f  peach s e e d l i n g s .  J .  Am. Soc.  Hor t .  Sc i .  96: 35-38.
Gray,  L.E,  and J.W. Gerdemann. 1969. Uptake o f  phosphorous-32 by 
v e s i c u l a r - a r b u s c u l a r  m yco r rh i zae .  P l a n t  and S o i l .  30 (3 ) :  415-
422.
and ___________ . 1973. Uptake o f  su lph u r -3 5  by v e s i c u l a r -
a r b u s c u l a r  myco r r h i zae .  P l a n t  and S o i l .  39:  687-689.
Grywacz,  A, 1971.  The i n f l u e n c e  o f  i n d u s t r i a l  a i r  p o l l u t i o n  on 
p a t h o l o g i c a l  fungi  o f  f o r e s t  t r e e s .  Sylvan.  155: 55-67.
Hacskaylo ,  E. 1972.  Mycor rh iza :  The u l t i m a t e  in  r e c i p r o c a l
p a r a s i t i s m .  B i o sc i e nc e .  22: 577-583.
Ha r l ey ,  J . L .  1959. The b io log y  o f  myco r rh i za .  I n t e r s c i e n c e  P u b l . ,  
I n c . , New York.  233 p.
Hayman, O .S . ,  J-M, Ba rea ,  and R. Azcon. 1976.  V e s i c u l a r - a r b u s c u l a r  
mycor rh i za  in  so u t he rn  Spain:  i t s  d i s t r i b u t i o n  in c rops  growing
in s o i l  o f  d i f f e r e n t  f e r t i l i t y .  Phy topa tho log i a  Med i t e r r anea .  
15 (1 ) :  1 -6 .
Heagl e ,  A.S.  1973. I n t e r a c t i o n  between a i r  p o l l u t a n t s  and p l a n t
p a r a s i t e s .  Ann. Rev. P hy t op a th o l og y . 11: 365-388.
Hibben,  C.R. 1966.  S e n s i t i v i t y  o f  fungal  spo re s  t o  su lp hu r  d i o x i d e
and ozone.  Phy topa tho logy .  56: 880.  ( a b s t )
J a c k s o n ,  N.E . ,  R. E. F r a n k l i n ,  and R. H. M i l l e r .  1972.  E f f e c t s  o f  
VA myco r rh i zae  on growth and phosphorous c o n t e n t  o f  t h r e e  ag­
ronomic c r o p s .  Proc .  Soi l  Sc i .  Soc.  Am. 36: 64-67.
Khan, A. G. 1972. The e f f e c t  o f  VA myco r rh i za l  a s s o c i a t i o n s  on 
growth o f  c e r e a l s .  I .  E f f e c t s  on maize growth.  New Phytol ,
71: 613-619.
Kinden,  D.A. and M.F. Brown. 1975.  E l ec t r on  microscopy o f  v e s i c u l a r -  
a r b u s c u l a r  myco r rh i zae  o f  ye l l o w  p o p l a r .  I I .  I n t r a c e l l u l a r  
hyphae and v e s i c l e s .  Can. J .  Mic ro b io l .  21: 1768-1780.
Klenschmi dt ,  G.D. and J.W. Gerdemann. 1972. S tu n t i n g  o f  c i t r u s  
s e e d l i n g s  in f umiga ted  n u r s e r y  s o i l s  r e l a t e d  t o  absence  o f  
endomycor rh iza .  Phy topa th .  62: 1447-1453.
55
Ling-Lee ,  M. , A.E. Ash fo rd ,  and G.A. C h i l v e r s .  1977a,  A h i s t ochemica l  
s t udy  o f  ph e no l i c  m a t e r i a l s  in mycor rh i za l  and un i n f e c t e d  r o o t s  
o f  E u calyp tus f a s t i g a t a  Deane and Maiden,  New Phy to l ,  78: 313-
328.
___________ . 1977b.  A h i s t och em ic a l  s t u dy  o f  p o l y s a c c h a r i d e  d i s t r i b u ­
t i o n  in E u ca lyp t  m yco r r h i za s .  New Phy to l .  78: 329-335.
MacDonald,  R.M. and M. Lewis.  1978. The oc cu r r ence  o f  some ac id  
phospha te s  and dehydrogenases  in t he  v e s i c u l a r - a r b u s c u l a r  
myco r rh i za l  fungus Glomus mosseae.  New Phy to l .  80: 135-141.
McFar lane ,  O .C. ,  R.C. Rogers ,  and D.V. B rad l ey ,  J r .  1978. The e f f e c t  
o f  SOo on s o i l  mic roorgan i sm a c t i v i t y .  From: The Bioenv i ron -
mental  Impact  o f  a C o a l - F i r e d  Power P l a n t .  E.M. Pres ton  and 
R.L.  Lewis ( e d s . ) .  Four th  In t e r im  Repor t ,  C o l s t r i p ,  Montana.
U.S.  Environmental  P r o t e c t i o n  Agency, O f f i c e  o f  Research and 
Development ,  C o r v a l l i s ,  Oregon,  ( a t  p r e s s )
Ma lh o r t a ,  S .S .  and D. Hocking.  1976. Biochemical  and c y t o l o g i c a l  
e f f e c t s  o f  su l ph u r  d i o x id e  on p l a n t  metabol i sm.  New Phy to l .
76: 227-237.
M a r t i n ,  H. 1959.  The s c i e n t i f i c  p r i n c i p l e s  o f  c rop p r o t e c t i o n .
Arnold P r e s s ,  London. 359 p.
Marx, D.H. 1972.  Ectomycor rh iza  as  b i o l o g i c a l  d e t e r r e n t  t o  pa th o ­
gen ic  r o o t  i n f e c t i o n s .  Ann. Rev. Phytopa th .  10: 429-454.
1975.  Mycorrhizae  and e s t a b l i s h m e n t  o f  t r e e s  on s t r i p -
mined l an d ,  Ohio Journa l  o f  Sc i ence .  75 (6 ) :  288-297.
Medve, R . J . ,  F.M. Hoffman,  and T.W. G a i t h e r .  1977. The e f f e c t s  o f  
m yc o r r h i za l - f o r m i ng  amendments on t h e  v e g e t a t i o n  o f  b i tuminous 
s t r i p m i n e  s p o i l s .  Bu l l ,  o f  t h e  Tor rey  Botan i ca l  Club,  104(3) :  
218-225.
M e j s t r i k ,  V.K. 1972. V e s i c u l a r - a r b u s c u l a r  mycor rh i zas  o f  t he  sp e c i e s  
o f  a Mol in ie tum c o e r u l e a e  L, I ,  a s s o c i a t i o n :  t h e  ecology.
New P h y t o l , 71: 883-890.
M i l e s ,  P.W. 1968.  I n s e c t  s e c r e t i o n s  in  p l a n t s .  Ann, Rev, Phytopa th ­
o logy,  6 : 137-164,
M i l l e r ,  C.O, 1967. Z ea t i n  and z e a t i n  r i b o s i d e  from a mycor rh i za l  
fungus .  Sc i en ce ,  157: 1055-1057.
Morley,  C.D. and B, Mosse, 1976. Abnormal v e s i c u l a r - a r b u s c u l a r  
myco r rh i za l  i n f e c t i o n s  i n  wh i t e  c l o v e r  induced by l u p i n .
T rans ,  B r i t ,  Mycol . Soc,  6 7 ( 3 ) :  510-513.
56
M o r r i s ,  M.S. and R.E. Lovegrove,  1975.  The t op og rap h i c  and edaphic  
d i s t r i b u t i o n  o f  s e v e r a l  p l a n t  communi t ies  o f  warm and cool season 
s p e c i e s  in  s o u t h e a s t e r n  Montana.  From: Proceedings  o f  t he  Fo r t
Union Coal F i e ld  Symposium, Eas t e rn  Montana Co l l ege ,  B i l l i n g s ,  
Montana.  Vol .  5: 684-702.
Mor r i son ,  T.M. 1962. Uptake o f  su lp hu r  by mycor rh iza l  p l a n t s .
New P hy t o l .  61: 21-27.
Mosse,  B. 1973. Advances in  t h e  s t udy  o f  v e s i c u l a r - a r b u s c u l a r  
myco r rh i za .  Ann. Rev. Phytopa th .  11: 171-196.
1977. P l a n t  growth r e s ponse s  t o  v e s i c u l a r - a r b u s c u l a r
m yco r rh i za .  X. Responses o f  Stylosanthes  and maize t o  i nocu­
l a t i o n  in u n s t e r i l e  s o i l s .  New Phy to l .  78: 277-288.
Mudd, J . B .  1975.  Su lphur  d i o x i d e .  From: Responses o f  P l a n t s  t o
Ai r  P o l l u t i o n .  J . B .  Mudd and T.T.  Kozlowski ( e d s . ) .  Academic 
P r e s s ,  New York. 381 p.
Mudd, J . B .  and T.T.  Kozlowski .  1975.  Responses o f  p l a n t s  t o  a i r  
p o l l u t i o n .  Academic P r e s s ,  New York, 381 p.
Murdoch, C . L . ,  J .A .  J a c o b s ,  and J.W. Gerdemann. 1967, U t i l i z a t i o n  
o f  phosphorous  sou rces  o f  d i f f e r e n t  a v a i l a b i l i t y  by mycor rh i za l  
and non -mycor rh i za l  maize .  P l a n t  and S o i l .  27: 329-324,
N i co l so n ,  T.H. 1959.  Mycorrhizae  in  t h e  Gramineae.  I .  V e s i c u l a r -  
a r b u s c u l a r  endophy t e s ,  w i th  sp e c i a l  r e f e r e n c e  t o  t h e  ex t e r n a l  
phase ,  Trans .  B r i t .  Mycol. Soc.  42: 421-438
 ___________ , 1960, Mycorrhiza  in t h e  Gramineaea,  I I .  Development in
d i f f e r e n t  h a b i t a t s  p a r t i c u l a r l y  sand dunes .  Trans .  B r i t ,  Mycol. 
Soc.  43:  132-145,
Read,  D . J . ,  H.K, Koucheki and J .  Hodgson. 1976, V e s i c u l a r - a r b u s c u l a r  
mycor rh i za  in n a t u r a l  v e g e t a t i o n  sys tems .  I .  The occu r r ence  o f  
i n f e c t i o n .  New Phy to l .  77: 641-653.
R ice ,  P.M. ,  L. Pye,  P.C. Tourangeau,  R, Bo ld i ,  and C.C. Gordon, 1978. 
The e f f e c t s  o f  low l e v e l  SOg exposure  on s u l f u r  accumulat ion  and 
v a r i o u s  p l a n t  l i f e  r e s p on se s  o f  some major  g r a s s l a n d  sp e c i e s  on 
t h e  ZAPS p l o t s .  From: The Bioenvi ronmental  Impact o f  a Coal-
F i r e d  Power P l a n t .  E.M. P re s t on  and R.L. Lewis ( e d s . ) .  Four th  
I n t e r i m  Re po r t ,  C o l s t r i p ,  Montana.  U.S.  Environmental  P r o t e c t i o n  
Agency,  O f f i c e  o f  Research and Development ,  C o r v a l l i s ,  Oregon.
( a t  p r e s s )
57
Rich ,  J . R .  and G.W. B i rd .  1974,  A s s o c i a t i o n  o f  e a r l y - s e a s o n  v e s i c u l a r -  
a r b u s c u l a r  myco r rh i zae  wi th  i n c r e a s e d  growth and development  o f  
c o t t o n .  Phy topa th .  64(11) :  1421-1425.
R i c h a r d s ,  B.N. and G.K. Vo ig t .  1964, Role o f  mycor rh i za  in n i t r o g e n  
f i x a t i o n .  Na tu r e .  201: 310-311,
Ross ,  J . P .  1971.  E f f e c t  o f  phospha t e  f e r t i l i z a t i o n  in y i e l d  o f
myco r rh i za l  and non -mycor rh i za l  soybean.  Phytopath .  61: 1400-
1403.
Ross ,  R.L. and H.E. Hunter .  1976. Climax v e g e t a t i o n  o f  Montana
based on s o i l s  and c l i m a t e .  U.S .D.A. ,  Soi l  Conserva t ion  S e r v i c e ,  
Bozeman, Montana.  64 p.
Rubin,  B.A. and E.V. A r t s i k h o v s k a y a . 1964, B iochemis t ry  o f  pa tho ­
l o g i c a l  da rken ing  o f  p l a n t  t i s s u e s .  Ann. Rev. Phytopa th .
2:  157-178.
R u s s e l l ,  E.W. 1973. Soi l  c o n d i t i o n s  and p l a n t  growth.  10th 
e d i t i o n .  Longman, New York. 849 p.
Ryan, J .  J . L .  S t r o e h l e i n ,  and S. Miyamoto. 1975. E f f e c t  o f  s u r f a c e -  
a p p l i e d  s u l f u r i c  a c i d  on growth and n u t r i e n t  a v a i l a b i l i t y  o f  f i v e  
range  g r a s s e s  in  c a l c a r e o u s  s o i l s ,  J . o f  Range Mgmt, 28 (5 ) :  
411-414.
S a i f ,  S.R.  1977.  The i n f l u e n c e  o f  s t a g e  o f  hos t  development  on 
v e s i c u l a r - a r b u s c u l a r  mycor rh i zae  and endogonaceous spore  
p o pu l a t i on  in  f i e l d - g r o w n  v e g e t a b l e  c rop s .  I ,  Summer-grown 
c ro ps .  New P h y t o l .  79: 341-348.
Sa n de r s ,  F.E.  and P.B. T in ke r ,  1973. Phosphate  f lows i n t o  mycor rh i za l  
r o o t s .  P e s t i c .  Sc i .  4:  385.
 ________, P.B.  T in k e r ,  R.L.B.  Black and S.M. Pa lmer ley .  1977. The
development  o f  endomycor rh iza l  r o o t  sys tems;  I .  Spread o f  
i n f e c t i o n  and growth promot ing e f f e c t s  wi th  fou r  s p e c i e s  o f  
v e s i c u l a r - a r b u s c u l a r  endophy te .  New Phy to l .  78: 257-268,
Sann i ,  S h e r i f f  0.  1976a.  V e s i c u l a r - a r b u s c u l a r  mycor rh i zae  in  some
Nige r i an  s o i l s .  The e f f e c t  o f  Gigaspora g ig a n tea  on t he  growth 
o f  r i c e .  New Ph y t o l .  77: 673-674.
1976b, V e s i c u l a r - a r b u s c u l a r  mycor rh izae  in  some Nige r i an
s o i l s  and t h e i r  e f f e c t  on t h e  growth o f  cowpea {Vigna u n g u ic u la ta )y 
tomato (Lyaopers'Loon e so u te n t im )  and maize  (Zea mays).  New 
Phy to l .  77:  667-671.
58
Schramm, J . R .  1966.  P l a n t  c o l o n i z a t i o n  s t u d i e s  on b l ack  was t es  from 
a n t h r a c i t e  mining in  Pen nsy lva n i a ,  T rans ,  Am. P h i l .  Soc.
56: 1-194.
S c h r o t h ,  M.N. and D.C. H i ldeb rand .  1964. I n f l u enc e  o f  p l a n t  exuda t ion  
on r o o t - i n f e c t i n g  f u n g i .  Ann. Rev. Phytopa th .  2: 101-132.
S h t e r e n b e r g ,  P.M. and P.N. Kostyak.  1967. Seventy y e a r s  s i n c e  t he
d i s c o v e r y  o f  p l a n t  mycotrophy by F.M. Kamenskii .  From: Mycotrophy
in P l a n t s .  I m s h e n e t s k i i , A.A. ( e d , ) .  Academy o f  Sc iences  o f
t h e  USSR. I n s t i t u t e  o f  Microb io logy .  362 p.
S ingh ,  C. and L. Jacobson .  1977. The r a d i a l  and l o n g i t u d i n a l  path 
o f  ion movement in  r o o t s .  P h y s i o l .  P l a n t .  41:  59-64.
S l a n k i s ,  V. 1974. Soi l  f a c t o r s  i n f l u e n c i n g  fo rmat ion  o f  myco r rh izae .  
Ann. Rev, o f  Phy topa th .  12: 437-458.
Sobotka ,  A. 1964.  VIiv prumsylovych ex ha l a t u na  pudni .  Zivenu
smrkovjch po r os t u  Krusnych hor .  Lesn.  C a s . ,  Praha.  10: 987-1002.
S p a r l i n g ,  6 . P. and P.B.  T ink e r .  1975. Mycorrhizas  in penine  g r a s s l a n d .  
From: Sande rs ,  F . E . ,  Mosse,  B. and P.B. Tinker  ( e d s . ) .  Endo-
m yc o r r h i za s .  Academic P r e s s ,  London. 545-560.
Thomas, M.D.,  R.M. Hend r icks ,  T.R.  C o l l i e r ,  and E.R. H i l l .  1943.
The u t i l i z a t i o n  o f  s u l f a t e  and su l ph u r  d io x id e  f o r  t he  su lphu r  
n u t r i t i o n  o f  a l f a l f a .  P l a n t  P h y s i o l .  18: 345-371.
T ingey,  D .T . ,  R.W. F i e l d ,  and L. Bard.  1976. Phy s i o lo g i ca l  r e sponse s  
o f  v e g e t a t i o n  t o  c o a l - f i r e d  power p l a n t  em i s s i on s .  From:
The Bioenvi ronmenta l  Impact o f  a Co a l -F i r ed  Power P l a n t ,  R.A. 
Lewis,  N.R. Glass  and A.S.  Lefohn ( e d s . ) .  Second In t e r im  
Re po r t ,  C o l s t r i p ,  Montana.  U.S. Environmental  P r o t e c t i o n  Agency. 
315 p.
Treshow,  M. 1968. The impact  o f  a i r  p o l l u t a n t s  on p l a n t  p o p u l a t i o n s .  
Phy topa th .  58: 1108-1113.
___________ . 1975.  I n t e r a c t i o n  o f  a i r  p o l l u t a n t s  and p l a n t  d i s e a s e .
In:  Responses o f  P l a n t s  t o  A i r  P o l l u t i o n .  J .B .  Mudd and T.T.
Kozlowski ( e d s . ) .  Academic P r e s s ,  New York. 381 p.
T r i n i c k ,  M.J.  1977,  V e s i c u l a r - a r b u s c u l a r  i n f e c t i o n  and so i l  phos­
phorous u t i l i z a t i o n  in Lupinus spp.  New Phyto l .  78: 297-304.
V o i g t ,  G.K, 1969,  Mycor rh izae  and n u t r i e n t  m o b i l i z a t i o n .  From; My­
c o r r h i z a e :  P roceedings  o f  t h e  F i r s t  North American Conference on
Mycor rh izae ,  U.S.D.A.  For .  Serv ,  Misc.  Publ ,  No. 1189: 122-131,
59
Weaver,  J . E .  1942.  Compet i t i on  o f  wes t e rn  whea tg ra s s  wi th  r e l i c t  
v e g e t a t i o n  o f  p r a i r i e .  Am. J .  Bot .  29: 366-372.
____________. 1968. P r a i r i e  p l a n t s  and t h e i r  envi ronment ,  Univ. o f
Nebraska P r e s s ,  L in c o ln ,  Nebraska.  276 p.
Wheeler ,  H, and P. Hanchey. 1968. P e r m e a b i l i t y  phenomena in p l a n t
d i s e a s e ,  Ann, Rev, Phy topath .  6: 331-350.
Whi te ,  E.M, and J .K .  Lewis.  1969,  Ecologica l  e f f e c t  o f  a c l a y  s o i l ' s
s t r u c t u r e  on some n a t i v e  g r a s s  r o o t s .  South Dakota A g r i c u l t u r a l  
Exper iment  S t a t i o n  Ground S e r i e s  809:  401-404.
Zak,  B. 1964. Role o f  myco r rh i zae  in r o o t  d i s e a s e .  Ann. Rev.
Phy topa th .  2: 377-392.
Z i e g l e r ,  I .  1975. The e f f e c t  o f  SO2 p o l l u t i o n  on p l a n t  metabol i sm.  
Residue Reviews.  56: 79-105.
